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ABSTRACT 
ABSTRACT 
Electronics is an important industry in the UK, as there are many home-grown 
manufacturing companies in the areas of optics, electronics and micro-systems. As a 
consequence of the growth in this industry, there has been an increase in the 
discharges from manufacturing. A process that could reclaim the metals contained in 
these wastes is desirable because of the increasing costs of raw materials and 
environmental compliance. 
The aim of this project was to develop a systematic method to determine the 
feasibility of metal recovery from aqueous solutions. Waste tin stripping solution 
was chosen as a case study. This waste arises from a stage in the manufacture of 
printed circuit boards when a protective tin layer is stripped from the copper pattern. 
The solution is mainly nitric acid, but also contains suspension agents, ferric salts 
and inhibitors. After use it also contains suspended tin oxide and dissolved copper. 
It has been suggested that the tin and copper could be recovered from this waste by 
electrodeposition. 
Initially the thermodynamics of the system were studied, followed by experiments to 
verify the theoretical work. Pourbaix diagrams were constructed to determine when 
the metals would be in the solid or liquid phase depending on the concentration of 
metal and anion, pH and system potential. This information was then compared to 
separation processes to determine or confirm the recovery route. This study showed 
that the dissolved copper and suspended tin oxide could be separated by filtration if 
the pH was maintained between -0.4 and 2.4. The dissolved copper could then be 
removed by electrodeposition. 
After the metal recovery route has been established, the individual stages are studied 
in more detail. In this project the feasibility of copper recovery from the stripping 
waste was examined. Copper deposition occurs concurrently with nitrate, ferric and 
hydrogen reductions. Using a parallel plate electrochemical reactor, the copper 
concentration was reduced by approximately 30%, at a current efficiency of 70%. 
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CHAPTER 1 
1 INTRODUCTION 
1.1 Background 
Electronics is an important industry for the UK, as there are many home grown 
manufacturing companies in the areas of optics, electronics and micro-systems. In 
2004, the electronic component market within the EU grew by 7% to a value of 
¬47.7bn, with the UK & Ireland market growing by ¬1 bn [1.1]. However, the 
consequence of this growth is a rise in the amount of computer, electronic and 
communication hardware in the environment and an increase in the discharges from 
manufacturing. 
The waste hardware will either be from components at end-of-life, or rejects from 
manufacture. The waste is composed of polymers, silicon and a range of metals, and 
is usually sent to landfill. If the metals are leached away from the substrate and into 
the groundwater, damage to the environment may result. This can happen through a 
complex mixture of bacterial action, changing pH due to weather conditions, and the 
other constituents of the landfill. 
The liquid discharges from manufacturing are usually aqueous solutions, for example 
rinse waters in which the concentrations of metal ions are quite low. They can also 
contain organic additives, cyanides, nitrates and phosphates which pose a threat to 
the environment. 
A systematic method to determine the feasibility of recovering the metals contained 
in these aqueous waste streams for reuse will be developed during this project. This 
presents several challenges: 
9 The liquid discharges can have very low concentrations of metal ions, 
so may require concentration. 
0 The metals should be recovered in their purest forms or as useful 
alloys. 
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0 The organic additives could affect the recovery processes. 
9 Ideally, the process should be a closed loop, therefore not generate 
any effluent. 
It is proposed that electrowinning will be used to recover metals from the waste 
solutions. This process runs at low temperature and pressure so the capital and 
operating costs are relatively low. It does not require any additional reagents, does 
not produce pollutants and can produce metals of high purity. Studies have also 
shown that it can be used to recover a wide variety of metals [1.2,1.3,1.4]. 
The systematic approach will be developed by using waste from one source as a case 
study. The chosen waste is tin stripping solution; an aqueous solution that arises 
from the manufacture of printed circuit boards. The solution is nitric acid based and 
contains dissolved copper and iron, and suspended tin oxide. 
1.2 PCB Manufacturing 
The tin stripping process is part of the outer layer circuit formation of a multilayer 
printed circuit board (PCB) [1.5]. The manufacture of the outer layer of the circuit 
board starts with a rigid stack. This is created by pressing the inner layers, whose 
circuits are already defined, between sheets of laminate, with a layer of copper foil 
on the outside surfaces. Holes are then drilled through the panels to join the 
individual layers together (Figure 1-1). The holes are cleaned, made conductive and 
then plated with copper to form a complete circuit. 
copper 
laminate 
Figure 1-1 (a) Drilling of pressed stack (b) Copper plated holes 
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The design on the outer surface of the board is formed by pattern plating. A 
photoresist is applied and selectively exposed to UV light, creating a negative of the 
desired circuit traces. The unexposed resist is then removed, revealing the pattern of 
the circuit in copper foil. Additional copper is then electroplated onto the surface to 
build up the thickness of the design. These steps are illustrated in Figure 1-2, which 
only shows the top layer of the stack. 
electroplated 
photoresist copper from copper 
hole plating 
.. ". ".. ". ". "..... ".. "... "..... ". ". copper 
foil 
....................... ....................... 
:.:.:.:.:.:.:: laminate :::::::: ::::::: laminate ::::::: : 
(a) (b) 
Figure 1-2 (a) Application of photoresist; (b) Additional copper plating 
The next stage of the process involves electroplating tin on top of the copper. This 
protects the design when the photoresist and excess copper are removed to form the 
final pattern. Figure 1-3 shows the top layer of the circuit board after these 
processing steps. 
photoresist tin 
--7 ------ ---- 
....................... ....................... ....................... ....................... ....................... 
. 
taminato : 
(a) 
copper 
(b) 
Figure 1-3 (a) PCB after tin electrodeposition; (b) After photoresist removal and copper etching 
In the final step, the protective tin (or occasionally tin/lead) coating is stripped from 
the circuit board to leave the copper design. 
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1.3 Tin Stripping Process 
Tin was plated onto the copper surface of the PCB to act as an etch resist, whilst the 
excess copper was dissolved to leave the final pattern. Dissimilar metals in close 
contact will often diffuse into each other to form intermetallic compounds. Copper 
and tin form two intermetallics: Cu6Sn5 and Cu3Sn1 [1.6]. Thus, in addition to the tin 
surface layer, the intermetallic layer which contains copper must be removed during 
the stripping stage. 
The process of stripping the tin from the copper circuit board is usually carried out 
with a nitric acid based solution, although methane sulphonic acid is also used. The 
solutions are proprietary, but tend to contain the following components [1.7,1.8]: 
9 Nitric acid. The removal of tin and copper by the acid are redox 
reactions; the tin and copper are oxidised, whilst the nitrate is reduced. 
2Sn(1) + 2HN03 -> 2SnO2 + N20 + H2O 
Cu + 4HN03 -> Cu(N03 ) 2(aq) + 2NO2(g) + 2H20 (Conc. Acid) 
3Cu + 8HN03 - 3Cu(NO3 ) 2(aq) + 2NO(g) + 4H20 (Dilute acid) 
0 An inhibitor. Ideally the stripping process will preferentially remove 
tin over copper. However, as copper is more readily oxidised than tin, 
inhibitors are added to the solution to control the removal of copper 
and prevent tarnish. 
0A ferric salt. In order to remove the tin/copper intermetallic a ferric 
salt is added increase the oxidising capability of the solution. 
"A suspension agent. Tin forms an insoluble oxide (Sn02) when 
oxidised, so is in suspension in the waste solution. The additive is 
used to ensure the oxide does not separate and adhere to the surface of 
the circuit board. 
The tin stripping is carried out by spraying or submersing the circuit board in the 
stripping solution followed by rinse stages. The process can be operated as a batch 
process, or bleed and feed [1.9]. The batch process is operated until the metal 
4 
CHAPTER 1 
loading and pH go beyond a set range; the solution is then sent to disposal. With the 
bleed and feed method, the composition of the bath is kept constant by continually 
bleeding off a set volume and replacing it with fresh stripping solution. The metal 
concentration in the waste is typically 2-40g/1 Cu and 150g/1 Sn02 [1.9]. 
Our industrial partner, from whom we have received used tin stripping solutions, 
operates a two stage stripping process. In the first stage, the majority of the tin is 
removed from the circuit board using a solution of Tinsolv 1000 (Atotech). The 
solution in the second stage (Tinsolv 2000) has a greater oxidising power than that of 
the first, due to the addition of Fe 3+ ions; this removes the remainder of the tin and 
the tin/copper intermetallic. Thus the used Tinsolv 1000 contains tin and a small 
amount of copper, and the Tinsolv 2000 contains tin, copper and iron. The 
maximum amount of copper and iron in the waste Tinsolv 2000 is known from the 
process control limits (Table 1-1) and the dissolved tin concentration can be 
estimated from thermodynamic data [1.10]. 
Metal Ion Tinsolv 1000 Tinsolv 2000 
copper 0-2g/1 (0-0.03M) 2-20g/1 (0.03-0.3M) 
tin 10-6M 10-6M 
iron n/a 4-14g/l (0.07-0.25M) 
Table 1-1 Dissolved metal concentrations in waste stripping solution [1.11] 
Waste tin stripping solution was chosen for this initial work because there are 
currently no schemes to recover the metals. At present the metals are precipitated 
and sent to landfill [1.7]. 
1.4 Reasons for Metal Recovery 
It is common to recover metals from plating or etching processes, for example by 
electrowinning [1.12,1.13]. However, there are currently no industrially used 
methods for recovering the metals from tin stripping solutions [1.71. One of the 
reasons for this is that the tin exists as a very fine suspension of Sn02 in the waste. 
This causes problems for many of the common recovery methods e. g. electrowinning 
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or ion exchange, which require the metal to be in solution. Filtration can also be 
difficult as the particle size of the Sn02 is very small. There are further problems 
with the solution, other than the tin suspension: the additives, being complexing 
agents, have been reported to modify the electrochemistry making the deposition 
potential more negative and adversely affecting the current efficiency [1.14]. The 
acidity of the solution is also a factor, as a low pH will increase the hydrogen 
evolution, decreasing the current efficiency. 
There are, however, economic drivers towards the recovery of metals in the solution. 
In a survey for the US Environmental Protection Agency [1.151, it is stated that on 
average, the volume of tin stripping solution to be disposed of is 17 gallons per 1000 
board ft2 of 4 layer boards (with approximately 0.5kg of tin per litre). If it is 
considered that this solution is often sent offsite for disposal, with costs of 
approximately $3.30/gallon, and the price of the metals is $6.05/kg for copper and 
$13.45/kg for tin [ 1.16], it can be seen that a method to treat the solution and recover 
the metals could be viable. In fact, the economics for the recovery are likely to 
improve due to the rising price of copper, which almost doubled in 2006 [1.17]. This 
rising price is thought to be linked to rapid industrialisation in China, where copper is 
used in the energy distribution network to bring power to new factories [1.18]. 
There are also environmental drivers for the recovery of metals from the solution. 
The cost of compliance with new legislation can be high, and much of this focuses 
on minimising waste. The directives that will have the most impact on the disposal 
of the tin stripping solution are the Integrated Pollution Prevention and Control 
Directive (IPPC), the Landfill Directive and Landfill Tax [1.19]. The IPPC directive 
is being introduced across Europe and will be fully implemented by October 2007. It 
covers emissions to air, land and water, which are considered together in order to 
attain the best environmental protection. One of the ways through which this is 
realised is the concept of Best Available Techniques. This concept balances the cost 
of implementation against the environmental protection acquired, taking into account 
consumption of raw materials, energy efficiency and waste minimisation. According 
to the guidance notes produced by Defra [1.20], "IPPC aims to prevent emissions and 
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waste production and where that is not practicable, reduce them to acceptable 
levels" 
The Landfill Directive is implemented in the UK through the Landfill Regulations 
2002. The regulations aim to reduce the effects of landfill sites by: reclassifying the 
sites into 3 categories (hazardous, non-hazardous and inert); reducing the amount of 
biodegradable material sent to the sites; prohibiting certain hazardous wastes, 
including liquids; and requiring pre-treatment of wastes. Hazardous waste (which 
includes tin stripping solutions) must be treated to [1.21]: 
" reduce the quantity, or 
" make it less hazardous, or 
" make it easier to handle, or 
" enhance recovery. 
Landfill Tax was introduced in 1996 to discourage the use of landfill by charging per 
tonne of material disposed of. The rates are set at [1.22]: 
" E2 per tonne for inert waste. 
0 £21 per tonne for all other waste, rising by at least £3 per year on the 
way to a medium to long term rate of £35 per tonne. 
1.5 Proposed Recovery Methods for Tin and Copper 
The separation of metals from the tin stripping solution has been studied previously, 
but a process that can work in industry has yet to be conceived. In general the 
separation schemes involve filtration to remove the Sn02, followed by the 
electrodeposition of copper [1.7,1.14,1.23]. 
Proposed Method I 
Scott et al [ 1.14] suggest two alternative schemes for the recovery of metals from tin 
stripping solution, which in this case contained lead. In the first of these, the solution 
was aerated to ensure the tin was in the form of a hydrated precipitate, which was 
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then removed by filtration. The Sn02 was then washed and dissolved in HCl and the 
tin recovered by electrowinning. The remaining stripping solution, after the 
filtration, went to electrowinning stages where first the Cu and then the Pb were 
removed. The process is illustrated in Figure 1-4: 
Cu recovered 
from cathode 
Pb recovered 
from cathode 
Waste stripping 
solution 
Aeration to form hydrated Sn02 ppt 
Sn02 
Filtration 
Selective Electrodeposition 
of Cu 
Electrodeposition of Pb 
Revitalised stripping 
solution for reuse 
Figure 1-4 Method of Scott et al [1.14] 
Washed and 
dissolved in HCl 
Electrodeposition of 
Sn 
Liquid for Sn02 Sn recovered 
ppt dissolving from cathode 
In the second scheme both the tin and the lead were removed by precipitation and 
filtration. As before, the solution was aerated to enhance the tin recovery and then 
sulphuric acid was added to precipitate the lead. The precipitates could then be sent 
to furnace refineries for further processing. The copper was electrowon from the 
filtrate. 
Scott et al highlighted some limitations of the proposed recovery processes when 
used on waste commercial stripping solutions. The first of these is that tin was 
deposited with both the copper and the lead, so that separation was impossible. Also, 
the additives in the solution formed complexes with the metals, lowering their 
deposition potential and resulting in high energy consumption. These lower 
deposition potentials combined with the high HNO3 (5M) content of commercial 
stripping solutions meant that the current efficiency was found to be low due to 
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hydrogen evolution. The proposed solution to these problems was to use a less 
concentrated solution of HNO3 (1.4 - 2.1M) with no additives as the stripping fluid. 
Although this solution was shown to remove the tin-lead resist with little attack on 
the copper, and the tin and copper could be later recovered, this stripping solution is 
not used industrially. 
Proposed Method 2 
Lee et al [1.23] started their process by the extraction of nitric acid from the spent 
stripping solution using a solution of tributylphosphate in kerosene. The copper was 
then electrowon from the remaining solution, followed by the tin ions being 
precipitated as Sn(OH)2 by increasing the pH with Pb(OH)2. The lead was then 
removed by cementation with iron powder. 
The method outlined above was based on experiments using synthetic solutions, so 
no account had been taken of the effect of the additives in a commercial solution. 
The paper also makes no mention of the fact that tin is in suspension in the spent 
stripping solution. Codeposition of tin with the copper was also found by this group, 
although they presumably had a higher concentration of tin in the deposition 
electrolyte, as no tin removal stages had been carried out. 
Proposed Method 3 
The suggested method for the selective recovery of copper and tin by Kerr [1.7] is 
shown in Figure 1-5. This separation scheme was the outcome of a scoping study 
which identified suitable separation technologies and assessed their possible 
combinations. 
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Spent acid tin stripping solution 
Return to 
working 
solution 
Reclaim 
Figure 1-5 Method of Kerr [1.7] 
The method combines the advantages of Methods 1 and 2. It can be seen that the 
recovery scheme is similar to that of Scott et al [1.14], except that there is an initial 
acid recovery stage (as in Method 2), which will remove hydrogen ions. This acid 
recovery step will therefore reduce the problem of low current efficiency, caused by 
hydrogen evolution. After the acid removal, the solution would be aerated, to 
precipitate any remaining tin, and passed onto a filtration stage to remove the Sn02 
precipitate. The Sn02 could then be dissolved in hydrochloric acid and the tin 
electrowon, or sold as the oxide depending on the market. The filtrate would pass to 
another electrowinning stage where copper would be recovered. After the deposition 
of copper, the solution would be passed through ion exchange resins to remove iron 
and any other trace metals. It may then be possible to recycle the water back into a 
stage in the PCB manufacturing process. No experimental work has been carried out 
to validate this method. 
Proposed Method 4 
The approach of McKeeson et al [1.8,1.24] is different from those outlined above; 
instead of removing the Sn02 as a precipitate, they propose adding sodium hydroxide 
to ensure the tin is in solution. All the metals could then be electrowon. A problem 
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of this method is that when the hydroxide is added to the spent stripping solution, 
other metals came out of solution; complexing agents were therefore added. Thus, 
the consumption of additional chemicals is quite high. Also, the method involves 
plating out all the metals together, which could make subsequent recovery for reuse 
difficult. 
Evaluation of Recovery Methods 
The recovery method proposed by Kerr [1.7], is thought to be the most feasible. 
This process has the benefit that the only supplementary chemical required is HCI: 
this minimises operating costs. Also, because H+ ions are removed, the current 
efficiency may be sufficiently high that the scheme can cope with a lower deposition 
potential caused by the additives. The proposed method also selectively recovers the 
metals. 
Although the main stages of the process have been determined, there are still 
significant challenges to overcome to ensure the process is feasible. 
" Metals need to be recovered in a usable form, either pure or as alloys. In the 
case of tin it is possible that the tin oxide will have a resale value without the 
need to process it further. 
" The effect of the additives in the spent stripping solution need to be 
quantified. These may need removal prior to electrowinning. 
9 The process should be, as far as is possible, a closed loop and minimise the 
use of additional chemicals. 
1.6 Electrodeposition 
The method of Kerr [1.7], could involve two electrowinning stages: copper from 
nitrate solutions and possibly tin from a chloride solution. Literature has 
been 
reviewed so that any potential problems with the metal depositions were revealed, 
and also to gain knowledge of the experimental conditions required 
for the 
deposition. 
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1.6.1 Copper electrodeposition 
The deposition of copper from nitrate solutions has been reported during 
electrorefining [1.25], for the recovery of copper from pickling liquors [1.26], as well 
as for copper recovery from stripping solutions as previously described (Section 1.5). 
Table 1-2 shows the conditions at which copper deposition from nitrate electrolytes 
has been successfully effected, and the resulting current efficiency for the deposition. 
Ref. [Cu] [HNO3] j/ mA cm-2 t/ hr cD 
Lee et al 0.22 - 0.005M 0.2M 20-220 20 22% after 5hrs 
[1.23] 
Choi et al initial 0.69M pH kept at 20 72 61.5% 
[1.25] Cu(N03)2; 1.5-1.7 
deposit 18.6g 
Scott et al 0.109-0.068M 2M 14 ? 92% 
[1.14] 
Mecucci et initial 0.01M 0.5M 20 2 43% 
al [1.27] Cu(N03)2 
Table 1-2 Deposition conditions for copper from nitrate electrolytes 
From the table it can be seen that the current densities used for the deposition are all 
similar at - 20mA cm-2. However, the efficiencies of the copper deposition vary 
widely. The efficiency would be expected to decrease as the copper concentration 
decreases; this trend is not seen. For example, Choi et al [1.25] deposited copper 
from a nitrate solution at an efficiency of 61.5% after 72 hours. As they were 
electrorefining, the copper content was constant at 0.69M. This can be compared to 
the result of Scott et al [1.14] who achieved a current efficiency of 92% when the 
copper content was lower, in the range 0.109-0.068M. However, the time period 
over which this deposition was carried out was not stated. The efficiency will also 
depend on other factors, such as the pH, nitrate concentration and electrode material. 
The deposition conditions and efficiencies in Table 1-2 do, however, show that 
copper can be electrowon from nitrate solutions with reasonable efficiency. 
Several problems have been reported with the deposition of copper from nitrate 
solutions; these include chemical dissolution of the deposited copper by nitric acid, 
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non-adherent copper deposits and concurrent reduction of nitrate with the copper. 
All these problems will lead to lower current efficiency for the deposition. 
Antropov et al [1.28] investigated the corrosion of copper in nitrate copper plating 
electrolytes. They found that the deposited copper could be chemically dissolved by 
the nitric acid. The rate of the copper dissolution increased as the concentration of 
nitrate ions and the pH increased. However, if the HNO3 concentration was 
maintained below 0.5M, and additives included in the electrolyte, the deposition rate 
exceeded the corrosion rate by several orders of magnitude. The main cause of the 
decrease in copper plating current efficiency was found to be the reduction of 
nitrates; this reduction was found to be catalysed by copper ions. 
The dissolution of copper was also used by Mecucci et al [1.27] to explain why the 
efficiency of their copper deposition fell as the current density decreased and the 
HNO3 concentration increased. They also found that adherent copper deposits were 
only obtained from electrolytes containing less than 2M HNO3. At higher acid 
concentrations the deposit was rough, which was linked to substantial hydrogen 
evolution. 
As ferric ions are a constituent of the tin stripping solution, it is possible that they 
will be in the copper deposition electrolyte. Dew and Phillips [1.29,1.30] 
investigated the effect of Fe(II) and Fe(III) on the efficiency of copper 
electrowinning from sulphate solutions. They found that Cu(II) and Fe(III) reduction 
occur simultaneously at the cathode, decreasing the current efficiency for the copper 
deposition. They also looked at the anodic reoxidation of Fe(II) back to Fe(III) and 
found that this reaction can be suppressed by using a lead-antimony anode [1.29]. 
Fe(II) concentration was found not to affect the copper deposition efficiency [1.30]. 
The adverse effect of Fe(III) on copper deposition was also observed by Das and 
Gopala Krishna [1-31]. They found that for copper deposition from sulphate 
electrolytes, the current efficiency dropped if the Fe(III) concentration was greater 
than 1. OgIl. 
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1.6.2 Electrochemical reduction of nitrate 
As the reduction of nitrate is reported to occur alongside copper deposition, 
decreasing the deposition efficiency, it is pertinent to review the literature on nitrate 
reduction to attempt to minimise its effect. 
The reduction of nitrate ions has been studied for many reasons: the analysis of 
nitrate in drinking water [1.32], the production of chemicals [1.33], the cleaning of 
waste solutions [1.34] and the decontamination of ground waters [1.35]. The 
products from the reduction are varied, as there is strong dependence on the electrode 
material and preparation, the electrolyte and electrode potential [1.33]. The 
electrochemical reduction reactions of nitrate that can occur in acidic media, and 
their characteristic potentials, are shown in Table 1-3. 
2NO3 +4H+ +2e- ->N204(g)+2H20 E° =0.803 
N03 +2H+ +e- -->N02(9)+ H20 
E° =0.775 
N03 +3H+ +2e- ->HNO2 +H20 
E° =0.98 
N03 +2H+ +2e- ->N02-+ H20 
E° =0.835 
N03- + 4H + +3e- --> NO(g)+2H20 
E° =0.960 
2NO3 + IOH+ +8e- ->N2 O(g) + 5H2O 
E° = 1.116 
2NO3 +12H+ +10e- ->N2(g) + 6H2O 
E° = 1.246 
N03 +10H+ +8e- ->NH4+ +3H20 
E° =0.875 
Table 1-3 Standard potentials (vs SHE) for nitrate reduction [1.10] 
The nitrate reduction reactions have been found to proceed at more negative 
potentials than the standard values quoted in Table 1-3 [1.33]. Pletcher and 
Poorabedi [1.36] reported a value of Elie = -0.06V vs SHE for 5mM N03- in 1M 
perchloric acid, and Carpenter and Pletcher [1.32] observed a well formed reduction 
wave at Elie = -0.38V vs SHE for 1mM N03-. Both these values are for nitrate 
reduction on copper electrodes. 
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It is generally agreed that provided there are sufficient protons in the solution, the 
product of nitrate reduction in acidic media on a copper electrode is ammonia [1.36], 
following the reaction shown below. If the hydrogen ion concentration is limited, the 
end product is dependent on the ratio of nitrate to hydrogen ions [1.32]. 
N03 +8e- +9H+ -)3H2O+NH3 
The rate determining step in the nitrate reduction has been found by Dima et al 
[1.33] to be the first electron transfer during the reduction of nitrate to nitrite. The 
N02- is then further oxidised to NO and then finally to NH3 [1.37] on bulk copper 
(the intermediate reactions are shown below). However, NO was oxidised to N20 on 
a layer of underpotentially deposited copper on palladium. 
N03 + 2H+ + 2e- --> NO2 +H20 
N02 +2H+ +e- ->NO+H20 
Chloride (and other halide) ions have been found to suppress the nitrate reduction. 
Pletcher and Poorabedi [1.36] discovered that halide ions cause the nitrate reduction 
peak to shift to more negative potentials where it is masked by hydrogen reduction. 
De Vooys et al [1.37] suggested that chloride ions block nitrate reduction sites on the 
copper, causing a decrease in the current. 
1.6.3 Tin electrodeposition 
Carano [1.38] describes four basic choices when it comes to baths for electroplating 
tin; alkaline stannate, acid sulphate, acid fluoroborate and acid sulphonate. 
" The alkaline stannate process is based on potassium or sodium stannate, with 
potassium being preferred as the salts are more soluble. The process does not 
require any organic additives, but does operate at elevated temperature (70- 
90°C). 
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" The acid sulphate bath requires additives to achieve an adherent deposit, but 
gives good efficiencies (- 100%) and runs at ambient temperature. 
" The fluoroborate bath is very corrosive, but has the advantages that it can be 
run at high current densities, has an efficiency of -100% and runs at ambient 
temperature. 
" The acid sulphonate bath contains methane sulphonic acid and is becoming 
more widely used because the wastes require simple treatment, and it can 
hold a high concentration of tin in solution. The disadvantage is that the 
chemical make up costs are higher than for the other processes. 
The electrolytes described above have been designed for plating, rather than for the 
recovery of tin from wastes. According to the proposed recovery scheme, Sn02 
should be dissolved, so that tin could be electrowon from the resulting solution. If 
these baths are examined in the light of the proposed recovery process, problems 
with their use arise. 
Scott et al [ 1.14] attempted to dissolve Sn02 from waste tin stripping solution using 
sulphuric acid. The precipitate was found not to dissolve. H2SO4 was also trialled 
by Stefanowicz et al [1.4] to dissolve a tin containing sludge from the fluoroborate 
plating process. They found that after 30 minutes of stirring the sludge in 10-25wt% 
H2SO4, only 5wt% of the sludge had dissolved. Sulphuric acid would therefore be an 
unsuitable electrolyte for the dissolution and subsequent deposition of tin. 
The alkaline bath was also thought to be unsuitable. Stefanowicz et al [1.4] 
attempted to dissolve the plating sludge in NaOH. The dissolution occurred slowly, 
with two thirds of the sludge having dissolved in 15% NaOH after a week. Tin was 
deposited from this electrolyte at a current efficiency of only 7%. 
The fluoroborate process was discounted on the basis that it would introduce noxious 
chemicals into a stream that is being cleaned. This left the acid sulphonate process, 
along with the proposed chloride bath. 
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Both Stefanowicz et al [1.4] and Scott et al [1.14] tested the dissolution of tin sludge 
and Sn02, respectively, in hydrochloric acid. They found that it was possible to 
dissolve the tin in 10% HCl solutions, if heated. Chloride solutions were also used 
by Pilone and Kelsall [1.39] to leach metals, including tin, from shredded waste 
electronic equipment, before deposition. It has been shown that it is possible to 
recover tin at reasonable current efficiencies after dissolution [1.4], even from very 
dilute solutions [1.40]. The reported conditions required for tin recovery from 
chloride electrolytes, and the resulting current efficiency are shown in Table 1-4. 
Ref initial [Sn] [HC1] j/ mA cm-2 t/ hr c 
Chaudhary 0.002M 0.4M 25x 10-4 8 5.4% 
et al [1.40] 
Stefanowicz 0.45M conc., 0.05 3.17 93% 
et al [1.4] diluted 1: 1 
Scott et al 0.354M -1M 70 ? 85% 
[1.14] 
Mecucci et 0.01M 1.5M 7.5 2 95.3% 
al [1.27] 
Table 1-4 Deposition parameters for tin from chloride electrolytes 
As a general trend, it can be seen that the current efficiency of the deposition 
decreases as the tin concentration decreases, the exception to this are the results from 
Mecucci et al [1.27]. Thus, for the most energy efficient deposition the tin 
concentration will need to be as high as possible. The concentration will, however, 
be limited by the solubility of Sn02 in hydrochloric acid. To maintain the highest 
possible concentration, Scott et al [1.141 suggest performing the deposition with 
some tin in suspension, dissolving as the tin is plated. The current efficiency of the 
tin deposition is also affected by the current density. Chaudary et al [1.40] found 
that increasing the current density decreases the recovery time, but also the current 
efficiency. Therefore these factors need to be balanced to minimise the energy per 
unit mass deposited. A possible problem with the deposition from chlorides is that 
chlorine was reported to be evolved at the anode [1.4]; this could be solved by 
having a split cell [1.14]. 
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1.7 Electrochemical Reactors for Metal Recovery 
Industrially, the electrochemical recovery of metals would be carried out using a 
reactor. Electrochemical reactors have been utilised for many years to deposit metals 
from aqueous wastes for reuse. Examples include the recovery of silver from spent 
photographic fixer solution [1.41] and nickel from the rinse waters of plating baths 
[1.12]. Metal recovery via electrochemical reactors has the advantages that: 
additional chemicals are not required; the metals can be recovered in their metallic 
form; electrolytic processes generally have low operating costs; and the processes 
tend to operate at low temperature and pressure. 
Electrochemical reactors are often individually designed for a specific application, in 
order to maximise metal recovery and minimise running costs. Factors that affect 
these include: cell voltage, cell current, electrode area, flow, ohmic drops in the cell 
and associated connections, and the required form of the deposited metal (e. g. 
powder or sheet). 
1.7.1 Typical Reactor Designs 
Although many reactors are individually designed, there are several commonly used 
reactor types. These designs are described below, along with their advantages and 
disadvantages. Typical uses, and possible concentration reductions for metal 
recovery, are also reviewed. 
Tank Reactors 
Tank reactors are of simple design, commonly consisting of vertical electrodes 
suspended in a rectangular tank containing the electrolyte. The mass transport 
characteristics of the reactor can be improved by agitating the electrolyte. The 
agitation is commonly via gas sparging or pumping the electrolyte through the cell 
[1.42]. Table 1-5 shows some advantages and disadvantages of this type of reactor. 
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Advantages Disadvantages 
Simple construction - low capital costs Poorly controlled fluid flow and thus 
mass transport 
Easy to remove the electrodes to recover Limited space-time yield (i. e. mass of 
metal (often as foil) product per unit time that can be 
obtained per unit volume of reactor) 
Easy to scale up/down 
Table 1-5 Advantages and disadvantages of tank reactors 
Tank reactors are often used for electroplating, when the object to be plated and a 
soluble anode are placed into the tank, aluminium extraction, and water electrolysis 
[1.43]. For metal recovery, tank reactors would only be used if the metal 
concentration in the solution was high. For example, Campbell et al [1.44] 
recovered nickel from a solution of 20g/l down to 3g/l (20,000 - 3,000ppm) using a 
tank cell. They found that the current efficiency of the deposition decreased rapidly 
below concentrations of 7g/l. 
Parallel Plate Reactors 
Parallel plate reactors consist of many closely spaced electrodes, alternating cathode 
and anode. They are often constructed as a filterpress, where the electrodes, frames 
(which form the flow channels) and membranes are sealed into a module; these 
modules are then stacked together to form the reactor, known as a plate-and-frame 
reactor. Some advantages and disadvantages of parallel plate reactors are shown in 
Table 1-6. 
Advantages Disadvantages 
Simple construction Low space-time yield 
Easy to scale up, as extra cells can be 
added onto the stack 
Small interelectrode gaps are difficult to 
maintain for large area electrodes 
Difficult to extract solid products from 
plate and frame configurations 
Table 1-6 Advantages and disadvantages of parallel plate reactors 
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Plate-and-frame reactors with 2-dimensional electrodes are not often used for metal 
recovery, but are employed for electrosynthesis [1.45] and in the chlor-alkali industry 
[1.42]. However, simple parallel plate reactors, with just one pair of electrodes and 
the fluid flowing normal to the current, have been used for metal recovery. Scott and 
Paton [1.46] used this type of reactor, with a non-conducting fluidised bed in the 
cathode compartment, to study the effect of iron on cadmium deposition. They 
managed to recover cadmium from a 200ppm solution down to a limit of 20ppm. 
Rotating Electrode Reactors 
In this type of reactor the electrode rotates in order to enhance the mass transfer of 
the metal ions from the bulk solution to the electrode. The most common type is the 
rotating cylinder electrode reactor. The cylinder can be either horizontal as in the 
case of metal foil production, or vertical as for metal ion removal. In the majority of 
cases metal removal is effected by removing the electrode and manual scraping, 
although blades to continuously scrape powder or foil from the cathode are in use 
[1.42]. Table 1-7 shows some advantages and disadvantages of this type of reactor. 
Advantages Disadvantages 
Can obtain high rates of mass transport Complex design as rotating seals, 
contacts etc are required 
Relatively compact 
Control of shear forces can be used to 
obtain different sizes of metal 
powder/flake 
Table 1-7 Advantages and disadvantages of rotating electrode reactors 
These reactors can be used to recover metals in relatively high concentration in 
solution, for example Ragauskas et al [1.41] used a horizontal cylinder in a tank to 
recover silver from spent photographic fixer from 20g/l down to 1.3g/l (20,000 - 
1,300ppm). Rotating cylinder electrodes can also be used as a cascade of cells to 
reduce metal concentrations down to 1-2ppm [1.43]. 
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Static Porous 3D Electrode Reactors 
These reactors utilise 3-dimensional electrodes to increase the surface area available 
per unit reactor volume. There are many types of materials that have been used as 
electrodes: woven fabrics and felts, meshes, packed beds, and expanded metal or 
carbon foams. These electrodes can be incorporated into many of the reactors 
previously described. The advantages and disadvantages of 3D electrodes are shown 
in Table 1-8. 
Advantages Disadvantages 
Porous electrode can act as a turbulence Non-uniform current and potential 
promoter, resulting in moderate mass distribution throughout the structure: 
transfer rates - parts of the `cathode' can become 
anodic so the metal redissolves 
- premature blocking of the matrix with 
deposited metal 
High values of the space-time yield Less range of materials than for 2D 
electrodes 
Performance is less predictable than for 
2D electrode 
Can get high pressure drops as the 
electrolyte flows through the electrode 
Liable to plug with deposited metal 
Table 1-8 Advantages and disadvantages of 3D electrodes 
These 3D porous electrodes are often used to recover metals from dilute solutions. A 
graphite packed bed was used by Campbell et al [1.44] to recover nickel. The 
reactor was a modified plate and frame cell where the catholyte frame was packed 
with graphite granules. The concentration of nickel in the electrolyte was reduced 
from 60ppm down to lppm. The Porocell reactor was developed by EA Technology 
and consists of a porous carbon felt electrode, through which the electrolyte flows. It 
has been used to recover copper from rinse waters generated during printed circuit 
board production. The cell maintains the copper concentration in the rinse tank 
between 290ppm and 0. l5ppm. The Porocell has also been used to recover silver 
from photographic fixers; in initial trials the concentration of silver was reduced 
from 3.6g/l (3,600ppm) to lppm in a single stage [1.47]. 
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Moving 3D Electrode Reactors 
These reactors utilise the high surface area 3-dimensional electrodes described 
above, with the electrode in motion. Examples of this type of reactor are the 
fluidised bed, rotating barrel reactor (a rotating cylinder filled with particles) and the 
spouted bed reactor (similar to a packed bed, but with a central fluidised section). 
Table 1-9 shows some advantages and disadvantages to incorporating the 3D 
electrodes into moving reactors. 
Advantages Disadvantages 
Mass transport rates are higher than for Complex design, due to rotating parts or 
the static 3D electrodes fluidised beds 
Can continuously remove deposited Non-uniform flow distribution 
metal by entraining particles in the outlet 
flow 
Electrode movement can be used to Non-uniform current/potential 
control reaction rates distribution 
Table 1-9 Advantages and disadvantages of 3D electrodes in moving reactors 
As is the case for the static 3D electrodes reactors, these moving 3D electrode 
reactors can recover metals from dilute solutions to meet discharge consent levels 
[1.43]. A spouted bed reactor was used by Shirvanian and Calo [1.48] to recover 
copper from an acidic solution. The metal concentration was reduced from 
approximately 1000ppm down to 80ppm. They noted that anodic points in the 
cathode can be minimised by keeping the voidage in the bed low and decreasing the 
bed height. A rotating barrel reactor was used by Avci [1.49] to recover copper from 
dilute (2400ppm) acidic copper solutions. The final copper concentration achieved 
was lppm, but the current efficiency of the deposition decreased sharply when the 
concentration reached -400ppm. 
1.7.2 Modes of Operation 
The reactor designs described above can be used in different operating modes. There 
are three main modes of operation for electrochemical reactors: batch, continuously 
stirred tank (CSTR), and plug flow (PFR) [1.45]. In practice many electrochemical 
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reactors are hybrids of these extremes. Also, many reactors incorporate a recycle 
stream to increase the conversion or (in the case of the batch reactor) to allow for 
different volumes per batch. 
In batch mode, all the solution to be processed (in this case for metal removal) is put 
into a single tank, which is usually agitated. The reaction will occur in this tank over 
a fixed time, after which the solution is discharged from the tank to make way for the 
next batch. During the batch time the concentration of the metal will decrease, 
although the concentration throughout the tank will be uniform at ay given moment. 
This operational mode is discontinuous and therefore often used when the solution 
for processing is generated sporadically. 
The continuously stirred tank reactor is similar to the batch reactor in that it consists 
of a stirred tank in which the concentration of any species is uniform at any instant. 
However, this reactor mode has continuous inlet feed and outlet removal. With 
perfect mixing the concentration of species in the tank is the same as that in the 
outlet. This is achieved in practice by either stirring or electrode movement (as in 
the rotating cylinder electrode). 
In the plug flow mode of operation, the solution flows continuously through a tubular 
reactor at constant rate. The species do not mix in the direction of flow, so the 
concentration of reactant changes along the length of the reactor. 
1.8 Project Aims and Objectives 
The increasing volume of liquid discharges from electronics manufacture poses an 
environmental threat, as these solutions can contain substances that are harmful, such 
as nitrates and phosphates. The wastes also contain dissolved metals which are sent 
to landfill sites for disposal, after precipitation from solution. The aim of this project 
was to develop a systematic methodology to determine the feasibility of recovering 
metals from such solutions. 
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The methodology involved investigating the recovery of metals from tin stripping 
solution; an aqueous waste stream from printed circuit board manufacture. Despite 
several studies into the recovery of copper and tin from this solution, none of the 
processes are used industrially. This project seeks to answer some of the remaining 
questions: 
1. It is not known whether any of these proposed recovery processes are 
thermodynamically feasible, and how the recovery at each stage is 
constrained by pH, the constituent metal and anion concentrations, and 
potential. 
2. There are no studies into how the concentration of the tin stripping 
components, such as N03-, Cu(II) and Sn, affects the metal recovery. 
3. Much of the previous work utilised simulated waste solutions, without the 
industrial additives such as ferric ions. How will the proposed recovery 
stages be affected if these are in solution? 
The first step in the method that was used to determine the feasibility of recovering 
tin and copper from the waste tin stripping solution involved analysing the 
thermodynamics of the system. Once the theoretical conditions for metal separation 
were established, the processes (e. g. filtration, electrodeposition) that could be used 
were determined. Each separation stage could then be studied in more detail to 
verify that the theory was correct and to resolve any practical issues. 
Therefore, to determine the feasibility of tin and copper recovery from waste tin 
stripping solution, the thermodynamic stability of copper, tin and iron in the presence 
of nitrate and chloride ions was investigated. The nitrate ions represent the waste; 
the chloride ions the tin dissolution stage. The objective of this theoretical analysis 
was to ascertain when the metals would be in the solid or liquid phase depending on 
the concentration of the metal and anions, pH and system potential. This information 
was then compared to the modus operandi of the separation processes proposed by 
Kerr [1.7]. The thermodynamic study was then verified empirically. 
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After the overall route to metal recovery was established, the project focussed on the 
copper electrodeposition stage. An electrochemical characterisation study was 
carried out to determine whether it is possible to deposit copper from a nitrate 
solution with reasonable efficiency, and to find the effect of the stripping additives 
and iron/tin on this efficiency. 
Finally, copper recovery from stripping solution was carried out in a parallel plate 
reactor. The objective of this study was to determine the efficiency of the deposition 
as copper was recovered using an industrial reactor, and to estimate some of the costs 
involved. 
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2 FUNDAMENTAL ASPECTS 
The aim of this project was to develop a systematic method to determine the 
feasibility of metal recovery from aqueous waste streams. The first stage in this 
method was to examine the thermodynamics of the system, in order to determine 
when the metals would be in the solid or liquid phase. This depends on the metal 
and anion concentration, pH and the system potential. The classical approach of 
using Pourbaix diagrams was chosen for this study, and the technique for their 
construction is described in this chapter. 
Once the Pourbaix diagrams were established, the processes that could be used to 
separate the metals could be determined. The fundamental aspects of metal 
separation by electrodeposition are described, along with the electrochemical 
parameters used to asses the feasibility of the separation. As the recovery would be 
carried out in a reactor, the theoretical metal depletion equations are also described. 
2.1 Thermodynamic Theory of Metals in Solution 
To determine the feasibility of the recovery process, the first stage in the systematic 
method was to study the system thermodynamics. This analysis will enable the 
phase of the metal to be determined depending on the potential, pH and metal/anion 
concentrations in the system. The thermodynamic analysis describes the state of the 
system at equilibrium. 
2.1.1 Equilibrium Potential 
At equilibrium, the electrode potential is dependent on the species in solution and 
their concentrations. The equilibrium potential is measured with respect to a 
reference electrode e. g. standard hydrogen electrode (SHE), which has a well 
defined, reproducible potential. Standard electrode potentials versus SHE-for half 
cell reactions are widely published in literature [2.1]. These potentials are quoted at 
standard conditions where the activity of all species and the fugacity of any gas is 
unity, and the temperature is 298K. If the activity of ions in solution, or the 
fugacity 
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of any gas is not equal to unity, the value of the standard potential E° can be 
corrected using the Nernst Equation (Eq. 2.1). 
pP+qQ+ne- --> xX + yY 
E= E° + 
RT 
In 
(ap)? (aQ)q 
e nF (ax)X (ay)Y 
(2.1) 
where Ee is the equilibrium potential, R the universal gas constant, T the system 
temperature, n the number of electrons transferred, F Faraday's constant and a the 
ion activity. At this equilibrium potential, the forward and backwards rates of the 
reversible reactions on the electrode are equal in magnitude. In this case no current 
flows through the cell and no net change occurs at the electrodes. 
In a real system, the measured equilibrium potential may differ from the potential 
calculated using the Nernst equation. This difference is due to the electrode taking 
up a mixed potential. For example, in a Cu(II)/Cu system dissolved oxygen can be 
reduced, shifting the electrode potential towards the value for the 02/H20 couple. 
2.1.2 Pourbaix Diagrams 
Pourbaix diagrams represent how the thermodynamic stability of different species 
are affected by pH and electrode potential. They clearly show when a metal is in 
solution, or exists as a solid, and the species it exists as. The diagrams were 
developed for the study of corrosion by Marcel Pourbaix in 1945 [2.2]. They give 
information on what is thermodynamically possible; in practice these reactions may 
not occur due to kinetic limitations. 
Chemical Reactions 
Pourbaix [2.3] defines a chemical reaction as "a reaction in which only chemical 
bodies participate (neutral molecules or positively or negatively charged ions)". An 
example of this type of reaction is shown 
below: 
Cu 2+ + 2H20 -> HCuO2 + 3H+ 
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In general, a chemical reaction can be expressed as: 
pP+cH1O ---> qQ+mH 
If the system is at constant temperature and pressure and the reaction at equilibrium, 
the Gibbs free energy AG of the reaction can be related to the equilibrium reaction 
constant K by Eq. (2.2). 
AG° =-RT1nK 
With K=faiXi _ 
i 
(aQ )' (aH+ )m 
(a, )P(aHo)c 
and AG° _ xt, u° = q(, uQ) + m(, 1H+) - p(, 1P) - c(, LHO ) 
where x is the stoichiometric constant and u the chemical potential. 
Electrochemical Reactions 
(2.2) 
An electrochemical reaction is defined by Pourbaix [2.3] as "a reaction in which 
both chemical species and free electric charges take part (e. g., negative electrons 
dissolved in a metallic electrode)". An example is the metal deposition reaction, 
shown below for copper. 
Cu 2+ + 2e- -> Cu 
In general, an electrochemical reaction can be written: 
pP+cH, O+ne- ---> qQ+mH+ 
If the Nernst equation (Eq. 2.1) is applied to this general reaction, the equilibrium 
potential can be determined from the standard potential (calculated from AG° using 
Eq. 2.3), the pH (pH =- log aH+) and the other reactant activities. 
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AG° = -nFE° 
(2.3) 
The calculations were carried out using Mathcad [2.4] (a worksheet based calculation 
package) and the diagrams were plotted using Matlab [2.5]. The diagrams are 
constructed using the ion activity, rather than the concentration; these quantities will 
only be the same in solutions with low ionic strength i. e. dilute solutions. A sample 
calculation using the copper-water system is shown below. 
Copper- Water System 
In order cross-check that my development of the Pourbaix diagrams was correct, a 
copper-water Pourbaix plot was constructed. This provided verification of the 
technique as they are widely published [2.2]. The copper-water example is simple 
(due to the limited number of species involved) and will provide a basis for later 
copper diagrams that include anions such as N03-. 
The species that were considered, along with their Gibbs free energy of formation are 
shown in Table 2-1. The dissolved species are shown in italic and the solids in bold. 
Aqueous Solid 
AG° / kJ mol-1 AG° / kJ mol-l 
Cu+ 50.2 Cu 0.0 
Cu 2+ 65.021 Cu20 -146.45 
HCuO2- -257.15 CuO -127.28 
Cu022- -182.1 H2O -237.35 
Table 2-1 Thermodynamic data for copper - water substances, data from Pourbaix [2.2] 
To start the diagram, a plot was constructed to show the regions of relative 
predominance of the dissolved substances. The reactions that were considered are 
divided into chemical and electrochemical types in Table 2-2. Also included in this 
table are the reaction equilibrium conditions, which were calculated from the 
equations described above (Eqs. 2.1-3) and the thermodynamic data in Table 2-1. 
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Chemical Equilibrium Condition 
Cu 2+ + 2H20 -> HCuO2 + 3H + a 
log HCuo Z = -26.73 +3 pH aC. 
u2+ 
Cu 2+ + 2H2 0 -* Cu0 
2 +4H+ 22 a , - log cuo' _ -39.88 +4 pH 
acu2+ 
HCu02 -> Cu022 + H+ acuo, 2- log = -13.15 + pH 
axcuo, - 
Electrochemical 
Cu + -_> Cu 
2+ +e- e ac 2+ E= 0.153 + 0.0591 " log u [2.6] acu+ 
Cu ++ 2H20 HCu02 + 3H+ + e- aHCuo, 
E= 1.773 - 0.1773pH + 0.0591 " log acu+ 
data from Bard [2.6] 
Cu+ + 2H2 0 Cu022 +4H+ +e- a 2- E= 2.510 cuo - 0.2365pH + 0.0591 " log z acu+ 
Table 2-2 Reactions between dissolved substances for copper-water, all potentials vs SHE 
The lines that divide the regions of predominance are calculated with equal activity 
of the two relevant ions. The plot that emerges is shown in Figure 2-1. 
3 
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0 0- 
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CU2+ HCUO2- CU022- 
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-3 ` 
0 2468 10 12 14 16 
pH 
Figure 2-1 Predominance area diagram for copper-water 
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The next stage in the construction of the Pourbaix diagram is the calculation of the 
equilibrium conditions for the solid substances. These are then marked on the 
predominance area plot. The reactions that were considered and their equilibrium 
equations are shown in Table 2-3. 
Equilibrium Condition 
Cu20 + H2O - 2CuO + 2H+ + 2e- OO E=0.669 - 0.0591pH 
2Cu + HO-> Cu20 + 2H+ + 2e- OO E=0.471- 0.0591pH [2.6] 
Cu + H2O - CuO + 2H + +2e- E=0.570 - 0.0591pH 
Table 2-3 Reactions between solid substances for copper-water (E vs SHE) 
The result of plotting these lines can be seen in Figure 2-2. The line for the 
equilibrium between Cu and CuO is not drawn because the Gibbs free energy change 
for the reaction Cu -k Cu02 is more negative, and thus more energetically 
favourable, than AG for Cu - CuO. As the potential is increased it is assumed that 
all the Cu will have been transformed into Cu20 before the stability region for CuO 
is reached. 
3 
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Figure 2-2 Plot showing regions of stability of the ions and the solid phases for copper-water 
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The final stage in the construction of the plot is to delineate between the stable 
regions for solids and dissolved species. The reactions and their equilibrium 
conditions are shown in Table 2-4. The lines between the solid and dissolved phases 
have been drawn for four values of metal ion activity: 100,10-2,10-4 and 10-6 
Chemical Equilibrium Condition 
2Cu+ + H2O -> Cu2O + 2H+ log(acu+) _ -1.66 - pH 
Cu 2+ + H, ,O -> CuO + 2H 
+ log(aCU2+) = 7.89 -2 pH 
HCuO2 +H+ -4 CuO + H2O log(aHCu0Z_ 
)= 
-18.83 + pH 
CuO22 + 2H + -> CuO + H2O log(aCU022- 
)= 
-31.99 +2 pH 
Electrochemical 
Cu -> Cu+ + e- E=0.521+ 0.0591. log(acu+ 
Cu -> Cu 2+ + 2e- E=0.337 + 0.02955 " log(aCU2+ 
Cu + 2H20 -> HCuO2 + 3H+ + 2e- E =1.127 - 0.0887 pH + 0.0296. log(aHCuo, - 
Cu + 2H20 -> CuO22 + 4H+ + 2e- E =1.515 - 0.118 pH + 0.0295 " log(acuo, z- 
Cu++H20-CuO+2H++e- E=0.620-0.118pH-0.0591"log(acu+) 
Cu20+2H+ -2Cu2++H20+2e- E=0.203+0.0591pH+0.0591"log(aCU2+) 
Cu20 + 3H20 -> 2HCuO2 + 4H+ + 2e- E =1.783 - 0.118 pH + 0.0591 " 
log(a 
HCu02- 
Cu20 + 3H20 -> 2CuO22 + 6H+ + 2e- 
E=2.560 - 0.177 pH + 0.0591. log(acuo, 2- 
Table 2-4 Reactions between solid and dissolved substances for copper-water (E vs SHE) 
Some of the reaction equilibrium conditions are not shown on the Pourbaix diagram, 
as the stability regions do not overlap. For example, lines denoting the equilibrium 
between Cu -f Cu+ are not shown because the Gibbs free energy for the Cu -* Cu 
2+ 
reaction is more negative, and therefore energetically favourable, than the dissolution 
to Cu'. The omission of these equilibria on the Pourbaix plots does not mean the 
reactions do not happen, but that the species involved are not the most dominant at 
that particular value of pH and/or electrode potential. The fully constructed Pourbaix 
diagram for copper and water is shown in Figure 2-3. In this figure the bold lines 
represent the solid-solid boundaries, the thin lines the boundaries between solids and 
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dissolved ions, and the dotted lines the dissolved region boundaries. The numbers on 
the solid-dissolved boundaries represent the activity of the dissolved species. It is 
common practice to include the lines that represent water stability on the plots 
(marked A and B); if the metal deposition potential is below the lower line (hydrogen 
equilibrium) there is a possibility that hydrogen will be liberated during the 
deposition. The upper line represents oxygen stability. 
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Figure 2-3 Pourbaix diagram for copper-water (298K) 
It can be seen from the diagram that copper will exist in solution in the form of Cu2+ 
at low pH, and can be deposited without hydrogen evolution at potential of 
approximately 0V. This does not mean that no potential needs to be applied to the 
system to deposit the copper. When an electrode is placed in the copper solution, it 
will rest at a potential defined by the solution activity and the electrode material; for 
a solution of 1M Cu2+ in contact with copper, this would be 0.337V (Table 2-4). The 
potential of the electrode would then have to be brought back to OV by applying an 
overpotential of -0.337V to the system. The copper-water Pourbaix diagram is valid 
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for systems that do not contain substances that can form complexes with copper, for 
example sulphates. 
2.2 Metal Separation by Electrodeposition 
To remove a metal from solution by electrodeposition, it must be reduced from its 
dissolved form (e. g. Cue+) to a solid, usually the metal (e. g. Cu°). Electrodeposition 
can be used to remove a single metal from solution, or to separate several metals 
dissolved the same solution. Separation is possible if the metals have sufficiently 
different equilibrium potentials. In order to drive the reactions, the electrode 
potential must be shifted away from equilibrium, so that current flows. The amount 
the potential differs from the equilibrium value is known as the overpotential. 
During deposition metal ions are reduced, therefore the cathode is shifted to 
potentials more negative than the equilibrium value. 
Figure 2-4 shows the half cell for the deposition of metal M+ from solution. The 
potential of the cathode is measured against a reference electrode and the current in 
the cell flows between the anode and cathode. Current is prevented from flowing 
between the reference electrode and cathode by a high impedance voltmeter as a 
current will alter the potential of the reference electrode. 
e 
Reference 
)de 
Figure 2-4 Half cell for reaction M+ +e -> M° 
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2.2.1 Electrode Reactions 
As the potential is shifted from equilibrium and current flows, the electrode reactions 
occur in several stages, with the overall rate governed by the slowest step. As a 
simple model these reaction stages can be considered to be: 
" Mass transport of the reactant to the electrode. 
" Charge transfer at the surface. 
" Mass transport of the product away from the surface. 
Charge Transfer 
As the potential is shifted from equilibrium and current flows, the reaction is initially 
under charge transfer control. The Butler-Volmer equation (Eq. 2.4) describes the 
relationship between the overpotential i and the current density j at the electrode 
surface. It can be seen that the current increases in magnitude with the overpotential, 
which therefore increases the rate of deposition according to Faraday's law. 
aAnFý - acnFi7 J= Jo exp 
RT - 
exp 
RT 
(2.4) 
where jo is the exchange current density and a the transfer coefficient. The exchange 
current density is the partial current density occurring on the electrode at equilibrium. 
The value of jo changes with electrode surface; if jo is small, a given current density 
will only be achieved at large overpotentials. 
Mass Transport 
As the overpotential and therefore rate of reaction is increased, the concentration of 
the reactant at the electrode surface will be depleted (Figure 2-5). At some potential 
the concentration of reactant at the surface cs reaches zero, and the rate is entirely 
controlled by the transport of reactant from the bulk solution. This is known as the 
mass transfer limiting current. 
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11 
Electrode 
0 
Figure 2-5 Diagram showing concentration profiles according to the Nernst diffusion layer 
model 
The rate of mass transport can be modelled using the Nernst diffusion layer model, 
which assumes the solution can be divided into two zones. Close to the electrode 
there is a stagnant layer of thickness 6 through which material can only be 
transported by diffusion. Further from the electrode the bulk solution is assumed to 
be well mixed. The mass transfer limiting current IL is given by Eq. (2.5), and can be 
seen to be a function of the diffusion coefficient D, the diffusion layer thickness S 
electrode area A and the bulk reactant concentration CB. 
IL 
_ 
AnFDcB 
Regions of Rate Control 
(2.5) 
The regions of rate control can be observed on typical polarisation data, such as 
Figure 2-6. In region (1) the rate of reaction is limited by charge transfer; the current 
increases with increasing polarisation. However, the current does not continue to 
increase. By region (3) the reaction rate is entirely controlled by the transfer of 
reactants to the electrode surface, and the current is independent of the overpotential; 
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this is known as the mass transfer limiting current. Between these extremes in region 
(2), the reaction rate is controlled by both charge and material transfer. 
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Figure 2-6 Linear voltammogram showing regions of rate control (1) charge transfer (2) mixed 
control (3) mass transfer 
2.2.2 Mixed Potential Systems 
In reality, the electrochemical system is often more complicated than a single species 
in solution. Multiple reactions can occur simultaneously. A classic example of this 
type of system is corrosion; for example the dissolution of copper from the PCB by 
the action of ferric ions. Figure 2-7 demonstrates the current response for the 
Cue+/Cu and Fei+/Fe21 systems. If a solution of ferric ions was in contact with 
copper, the potential of each couple would contribute to the system potential, 
illustrated on the diagram as E1. The copper would therefore dissolve, and the ferric 
ions be reduced at current I. 
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3+ 
E 
Fe2+ 
Figure 2-7 Diagram showing mixed potential system 
The charge and mass transfer equations for the estimation of reaction rate or mass 
transfer properties are only valid if the current due to a single reaction can be 
measured, or calculated from the i-E data. If more than one reaction occurs at a 
given potential, the measured response contains contributions from all the reactions. 
This is illustrated in Figure 2-8; at potential E1 the measured current has elements 
from Cu(II) and H+ reductions. The current due to unwanted reactions can 
completely mask the limiting current plateau and charge transfer region for the 
reaction of interest. It is possible to subtract the current, in this case for H2 evolution, 
by recording polarisations in a solution that contains the same concentration of H+, 
but no Cu(II). However, this method of subtraction is only valid if the reactions are 
all independent. 
I 
E1 
Cu 2+ + 2e- - Cu 
+ 2e- -* H2 
11 
Figure 2-8 Diagram showing current response from multiple reactions 
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2.3 Electrochemical Parameters 
The reduction of metal ions in solution will take place in an electrochemical cell. A 
typical cell (Figure 2-9) contains an anode, a cathode, an electrolyte (to maintain 
contact between the two electrodes) and a power supply to drive the reaction. 
Reductions occur at the cathode, oxidations at the anode. 
Power supply 
Figure 2-9 An electrochemical cell 
To effect a separation, the potential of the cathode is shifted away from the 
equilibrium potential. The current flowing through the cell can then be measured. 
These values of current and potential can be used to gain an estimate of the 
feasibility of the metal recovery by calculating the rate of the metal deposition, the 
current efficiency and the electrolytic energy requirement per mass of metal. 
2.3.1 Overall Deposition Rate 
The overall rate of an electrochemical reaction can be calculated as a function of the 
cell current I using Faraday's law (Eq. 2.6). 
Q 
m= 
nF 
(2.6) 
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At constant current the charge Q can be expressed as: Q=fI" dt =I"t. If this is 
substituted into Eq. (2.6), and the amount of material reacted m differentiated with 
respect to time t, then the rate of the electrochemical reaction can be expressed as: 
dm I 
dt nF 
2.3.2 Current Efficiency 
(2.7) 
In a system where multiple reactions occur at the same potential, the measured 
current is not all consumed by the reaction of interest. In the example shown in 
Figure 2-8, if copper was deposited at potential E1 a portion of the current would be 
taken by hydrogen evolution. The charge that is consumed by unwanted side 
reactions is therefore a source of inefficiency. The percentage of the total charge that 
is used for the desired reaction is known as the current efficiency 0. The efficiency 
can change considerably with the electrolyte composition, applied current/potential 
and reactant concentration. It is defined as the charge necessary for the reaction of 
interest Qr, divided by the total electrical charge used QTOT (Eq. 2.8). 
= 
Qr 
x 100 
(2 . 0) 
QTOT 
2.3.3 Energy Considerations 
The energy W required to deposit a fixed mass of metal will depend upon the current 
and the potential drop across the cell, as shown by Eq. (2.9) 
W=Q' Ecell Where Q= 
Ji 
" dt 
(2.9) 
The potential drop in the system is dependent on the reactions occurring at the 
electrodes, the chosen overpotentials and the ohmic drop through the cell. This is 
shown in Eq. (2.10), where Rceli is the resistance across the electrochemical cell. 
Ecell Ee - 
17A I- 117' I- IRcell (2.10) 
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For metal deposition the equilibrium potential of the cathode will be fixed, however 
the anodic reaction can significantly alter the energy requirements. For example, 
copper is usually deposited from an acidic solution with oxygen evolution occurring 
at the anode. If ferrous ion oxidation is substituted as the anodic reaction, the cell 
potential would be 0.46V lower than for oxygen evolution [2.7]. The electrode 
overpotentials are dependent on the required rate of reaction which can affect surface 
finish, and the electrode material. The ohmic drop through the cell is dependent on 
the solution conductivity, electrode gap and the presence of separators. Therefore, in 
the above example although the cell potential could be reduced by the substitution of 
ferrous oxidation, a separator would be required between the anolyte and catholyte 
increasing the ohmic drop. 
In an industrial situation, the cell current, rather than the potential, is usually fixed 
because a galvanostatic power supply is cheaper than a potentiostatic supply. The 
applied current will again be dependent on the reactions and overpotentials, as the 
current is a function of the potential. The applied cell current will also be affected by 
the current efficiency. 
The form of the metal in solution also influences the energy requirement. For 
example, copper is usually deposited from acid electrolytes where it exists as Cu(H). 
If copper could be deposited from a solution containing Cu(I) ions, the charge, and 
therefore energy requirement, would be halved (assuming 100% current efficiency). 
Cu 2+ + 2e- -> Cu 
Cu++e- -> Cu 
2.4 Electrochemical Reactors 
To deposit metals on an industrial scale, an electrochemical reactor is used. There 
are various types of reactors e. g. parallel plate, rotating electrode, which can be 
operated in a batch or continuous mode; these were discussed in Section 1.8. The 
reactor that was used in this study was a parallel plate reactor operating in batch 
recycle mode. The reactor system is illustrated in Figure 2-10. 
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QV 
Figure 2-10 Batch recycle reactor 
QV 
In order to model the concentration change in the system, it is assumed the reactor 
operates as a plug flow reactor. Initially the equations relating to steady state 
operation in a plug flow reactor are derived from a material balance across the 
reactor (Eq. 2.11) 
QvCOUT 
- 
QvCIN 
__I 
nF 
(2.11) 
where Q,, is the volumetric flowrate and cIN and coUT the concentrations at the inlet 
and outlet of the reactor respectively. If the reactor is of total length L with current 
density j, x across the electrode, then for an element of length 
& and concentration 
change &,, the mass balance can be expressed as: 
Qv 
" 
dcx = 
jxA 
dx 
nFL 
(2.12) 
The residence time r through the reactor element & is defined as z= Vx/QV, where 
the element volume Vx = xA. Therefore dx = dr. QJA. Also, if the reaction is mass 
transfer limited across the whole surface of the electrode, then jx=nFkzcc. If these 
relationships are used to substitute dx and jx in Eq. (2.12), Eq. (2.13) is obtained. 
cý` fýA, = 
km AT0dz 
V 
CAN 
CX 0 
(2.13) 
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where V is the reactor volume 
obtain: 
_ 
kmAZ 
COUT - CIN " exp - 
(2.14) 
This expression is valid for steady state operation, however'in a batch recycle reactor 
the reactor inlet concentration cIN changes with time t. A mass balance is therefore 
carried out across the tank (volume VT) to give: 
QvCOUT = QvCIN + VT . 
dc IN 
dt 
(2.15) 
The expression for COUT from Eq. (2.14) is then substituted into Eq. (2.15) to obtain 
an equation describing the concentration change in the system: 
QVCIN 
" exp - 
kmAZ 
= QvCIN +VT " 
dcIN 
V dt 
(2.16) 
Eq. (2.16) can be rearranged, the tank residence time zT = VT/Q,, substituted, and the 
expression integrated to obtain: 
c, N (t) = c, N (0) " exp -t 
1- exp - 
ktAz 
TT V 
(2.17) 
This expression can be simplified if the reactor volume is a lot smaller then the tank 
volume, which also implies that 2<<DT. As r is small, exp(-k12Ar /V) can be 
approximated to 1- k,, 42/V. Eq. (2.17) therefore becomes: 
CIN CIN(O) exp -t 
kmAz (2.18) 
(t) =Tv 
Eq. (2.18) is then further simplified using the definition for residence time (z = V/Q, ) 
to give the final expression: 
This equation is integrated between the limits to 
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CIN (t) = c, N (0) " exp - 
k"' At 
VT 
(2.19) 
This equation has the same form as that for conversion in a batch reactor, except that 
the reactor volume has been replaced by the tank volume [2.8]. The relationship is 
only valid if the reaction occurs under mass transfer control across the whole surface 
of the electrode at 100% current efficiency. When the current efficiency is lower, 
deviations from Eq. (2.19) will be observed. 
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3 EXPERIMENTAL 
This chapter describes the experimental equipment and methods used during the 
project. The feasibility of the recovery process proposed by Kerr [3.1] was 
established by constructing theoretical Pourbaix diagrams, which were then verified 
by precipitation experiments. After the feasibility of the recovery process had been 
ascertained, the project focussed on the copper electrodeposition stage. A 
characterisation study was carried out to find the effect of the iron/tin and the 
stripping additives on the current efficiency and deposition potential of the copper. 
Thereafter, the recovery of copper was performed using an electrochemical reactor. 
The feasibility and efficiency of the copper recovery from waste tin stripping 
solution was found using a parallel plate reactor. As part of these characterisation 
and reactor experiments, the concentration of copper ions in solution had to be 
determined. 
3.1 Precipitation Experiments 
Precipitation experiments are carried out by studying a characteristic property of the 
system (e. g. precipitation pH, particle size), as a function of initial composition and 
reaction conditions [3.2]. Previously, this type of investigation has been used to find 
how the filtration properties of a slurry alter with pH and temperature [3.3], the 
mechanism of copper precipitation to assist with wastewater treatment design [3.4], 
and the verification of Pourbaix diagrams to understand the formation of cerium 
coatings [3.5]. 
To establish the feasibility of the recovery process, Pourbaix diagrams were 
constructed to determine if the metals would be in the solid or liquid phase 
depending on the metal and anion concentration, pH and system potential; the details 
of which are presented in Chapter 2. The aim of these precipitation experiments was 
to verify the theoretical predictions from the Pourbaix diagrams. The experiments 
were carried out using a titration technique, where the dissolved salt of the metal of 
interest was titrated against an alkaline solution [3.6]. 
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The objective of these experiments was to measure the pH at which the dissolved 
metal precipitates in acidic conditions. The alkaline region was not validated 
because the recovery process that operated in the alkaline region had previously been 
deemed unfeasible (Section 1.5). The systems Cu / N03- / H2O, Fe / N03- /H20, and 
Sn / Cl- / H2O were tested, as they represented the metals in the recovery stages 
proposed by Kerr [3.1], and represented the constituent anions in the process 
solutions. 
3.1.1 Solution Concentrations 
The Pourbaix plots that were constructed during the theoretical analysis are 
applicable for metals in contact with a large volume of bulk solution. The reaction 
products therefore do not appreciably change the concentration of anions. In order to 
replicate this restriction in these experiments, the metal ion concentration was kept 
low in comparison to that of the anion. The experiments were therefore carried out 
with two concentrations of metal ions, O. 1M and 0.01M, to determine the effect on 
the pH when the metal ion concentration changes over one order of magnitude, 
whilst the anion concentration was kept at 1M. For the copper and iron experiments, 
the nitrate concentration was then set at 0.5M, 1M and 2M with the metal 
concentration fixed at 0.01M, as the final nitrate concentration in the stripping waste 
was expected to vary in this range. 
The solutions were prepared using AnalaR reagents and de-ionised water. The salts 
were weighed to an accuracy of ±0.05g or ±0.0005g depending on the quantity 
required for the experiment. The volume of the acids was measured with a 
measuring cylinder to an accuracy ±0.5m1 in 100ml. 
3.1.2 Equipment and Method 
The pH was measured using a CE711/DJ/KNO3 pH probe from ThermoElectron 
Corp. and a Radiometer PHM200 pH meter. The pH probe is accurate to ±0.02 for 
pH>2 and ±0.05 for pH<2. The pH measuring equipment was calibrated using an 
automatic two point calibration procedure against buffer solutions of pH 4 and pH 7. 
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Two methods to find the precipitation pH were used during these experiments. The 
first method was derived from a paper by Hayes et al [3.5], who were examining the 
precipitation of cerium oxide films from aqueous solutions. For each experiment a 
100ml sample of the metal salt in solution, acidified so the nitrate/chloride 
concentration corresponded to the Pourbaix plot, was prepared. Concentrated KOH 
was added in lml increments and the pH was recorded after each addition. The pH 
probe was allowed to equilibrate for 10mins before each reading was taken. After 
the first experiment, the addition volume and the concentration of KOH were 
reduced, because the initial result was a wide pH range in which precipitation had 
occurred. This method was revised because the technique did not allow for slow 
kinetics in the precipitation reaction. 
In the second method, four 50ml samples were prepared. KOH was added until the 
sample pH spanned the theoretical value, preferably with at least one sample 
precipitated. For example, if theory predicted that precipitation would occur at pH 
4.5, then the samples could have been at pH 4.00,4.25,4.50 and 4.75. The samples 
were then left for at least a week to allow for the equilibration of slow reactions. The 
pH of all samples was then remeasured. This revised method had additional 
advantages; it was quicker, as only four pH readings must be accurate, and if too 
much KOH was added and the precipitation point missed, the sample still provided a 
useful data point. The majority of the experiments in this report were carried out 
using this second method, apart from runs A-E for the copper/nitrate system. 
3.2 Electrochemical Characterisation 
The aim of the electrochemical characterisation experiments was to determine 
whether it is possible to deposit copper from a nitrate solution with reasonable 
efficiency, and to find the effect of the stripping additives and iron/tin on this 
efficiency. The deposition of copper from nitrate solutions has been accomplished 
by other researchers [3.7,3.8]. However, problems with low current efficiency have 
been reported [3.9] which are thought to be caused by the concurrent reduction of 
nitrate with copper deposition [3.10] and the redissolution of copper into the acid 
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[3.8]. The deposition of copper from waste tin stripping solution has also been found 
to be less efficient than that from nitric acid [3.11]. 
The electrochemical characterisation experiments were initially carried out with only 
copper and nitrate in solution. This indicated the ability to recover copper from the 
additive free solution. Thereafter, experiments with iron/tin and the stripping 
additives were carried out and compared against the results from the copper/nitrate 
solutions to evaluate the effect of the additives on the deposition. Experiments were 
carried out to determine: 
a. The deposition potential and mass transport limiting current for copper 
deposition from nitrate solutions, and how the copper and nitrate 
concentrations affect these. 
b. The efficiency of copper deposition across a range of currents, and how the 
copper and nitrate concentrations affect this. 
c. The effect of the addition of Fe(III) and Sn(IV) to the copper/nitrate solution 
on points (a) and (b) above. 
d. The difference in points (a) and (b) when repeated with waste stripping 
solution. 
e. The copper recovery that could be obtained. Could the discharge limit of 
1.5ppm (2.4 x 10-5M) be reached via electroreduction? 
3.2.1 Electrolytes 
The maximum Cu(II) concentration that can exist in the waste stream is 0.3M (as per 
the process control information supplied by our industrial partners, cf. Table 1-1). 
The concentration could be less than this if, for example, rinse water is mixed with 
the stripping waste, or the bath is changed prematurely before a new batch. 
Experiments were therefore carried out for Cu(II) concentrations of 0.3M, 0.03M and 
0.003M. The lower concentrations also show how the electrochemical behaviour of 
the solution changes as copper is recovered from the process solution. 
The N03- concentration at the deposition stage will be dependent on the amount of 
acid recovered during the diffusion dialysis. The maximum N03- concentration in 
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the waste is 1M; therefore the chosen concentrations for these experiments were 1M, 
0.1M and 0.01M. 0.1M N03- will remain in the waste if 90% of the acid were 
recovered, and 0.01M N03- if 99% of the acid were recovered. Concentrations lower 
than these were not investigated as it is unlikely that more than 99% of the acid 
would be recovered or the waste would be sufficiently diluted. 
After the characterisation of the copper/nitrate solutions, subsequent experiments 
were carried out with the addition of iron/tin. The Fe(III) concentration that was 
added to the copper/nitrate solutions was 0.25M. According to the process control 
information (Table 1-1), this is the maximum concentration of Fe(III) in the stripping 
solution during processing, which enables the efficiency to be determined for the 
worst case. As tin exists as a suspension of Sn02 in the waste stripping solution, 
Sn02 was added to the iron/tin solutions to form a saturated solution. 
Based on the above reasoning, Table 3-1 shows the full matrix of simulated solutions 
that were studied. These electrochemical characterisation experiments were also 
carried out using real waste tin stripping solutions. 
Solution 
no. 
[Cu] 
/M 
[N03-] 
/M 
Sn / Fe 
added? 
Solution 
no. 
[Cu] 
/M 
[N03-] 
/M 
Sn / Fe 
added? 
1 0.3 1 N 10 0.3 1 Y 
2 0.3 0.1 N 11 0.3 0.1 Y 
3 0.3 0.01 N 12 0.3 0.01 Y 
4 0.03 1 N 13 0.03 1 Y 
5 0.03 0.1 N 14 0.03 0.1 Y 
6 0.03 0.01 N 15 0.03 0.01 Y 
7 0.003 1 N 16 0.003 1 Y 
8 0.003 0.1 N 17 0.003 0.1 Y 
9 0.003 0.01 N 18 0.003 0.01 Y 
Table 3-1 Solution concentrations used for electrochemical characterisation 
The solutions were prepared using high purity water (14MS2) and AnalaR grade 
Cu(N03)2.3H20, Fe(N03)3.9H20 and Sn02 (BDH), with additional nitrate added as 
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HNO3 (BDH, 65%). In the real solution, H+ ions are consumed faster than N03- ions 
when copper and tin are dissolved from the circuit board (Section 1.3). It is therefore 
reasonable to have a higher concentration of N03- ions than H+ ions in these 
simulated solutions. 
Solutions 2,3,6,11,12 and 15 from the matrix were impossible to make without the 
addition of other ionic species (e. g. sulphate). These solutions contain more copper 
ions than nitrate and therefore cannot be made from Cu(N03)2, or by dissolving Cu 
powder in nitric acid, as the copper needs sufficient nitrate in the solution with which 
to react and thus dissolve. The reaction equations for the dissolution of copper in 
dilute and strong acids are shown in Section 1.3. For example, Solution 2 was to 
contain 0.3M Cu 2+ and O. 1M N03- ions, which is impossible. The maximum amount 
of copper that could be dissolved in 1 litre of 0.1M HNO3 would be 0.0375mol, 
considerably less than the 0.3mol required. 
3.2.2 Equipment 
These electrochemical characterisation experiments were performed using a Sycopel 
Scientific rotating disc electrode (RDE). A gold disc with a diameter of 7mm was 
the working electrode. A platinised titanium sheet of area 20 x 25mm was used as a 
counter electrode. Cyclic voltammetry and anodic stripping were carried out using 
an EG&G Instruments bi-potentiostat and the data was logged on a PC via a Sycopel 
PCI 100 data acquisition system (Figure 3-1). The potential was measured against a 
saturated calomel electrode (SCE) placed approximately 7mm from the RDE via a 
Luggin. 
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Figure 3-1 Bi-potentiostat and data acquisition system 
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The characterisation studies were carried out in an H-cell (Figure 3-2). The anolyte 
and catholyte sections were separated by a glass frit, and were each filled with 50m1 
of the solution under study. The SCE was connected to the cell via a Luggin 
capillary; this section was filled with HNO3 for the voltammetry, or HC1 during the 
anodic stripping. 
xý s 
Figure 3-2 The H-cell 
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The measurement of the solution conductivity was performed using a Hanna 
Instruments HI 8633 conductivity meter. The conductivity range the meter could 
measure was 0-199.9mS. 
3.2.3 Electrochemical Techniques 
Cyclic Voltammetry 
Cyclic voltammograms are often the first stage in experimentation to find deposition 
potentials and limiting currents for metal recovery processes [3.12,3.13]. To record 
a cyclic voltammogram, the potential is swept continuously between two set limits at 
a particular rate. The potential-time waveform is shown in Figure 3-3. 
E 
t 
Figure 3-3 Potential-time waveform for cyclic voltammetry [3.14] 
The current is recorded as a function of the applied potential; this provides 
information on the potentials' at which any reductions or oxidations occur. These 
reactions are seen when the current is non-zero; for our experiments, the reactions 
include copper deposition and dissolution. An RDE is often used as the working 
electrode for this technique because the transport of species to the disc can be 
controlled reproducibly [3.14]. 
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Stripping Techniques 
Stripping techniques involve the initial deposition of a metal from a solution of 
interest onto an electrode, followed by the metal being stripped off under controlled 
conditions. The technique has been used to find the concentration of trace metals in 
solution, as the initial deposition concentrates the metal in the mercury electrode 
allowing a reasonable currents to be measured during stripping [3.15]; the current 
efficiency of deposition; and the composition of an alloy [3.16,3.17]. 
To find the current efficiency of a deposition, the metal is first deposited onto the 
electrode from the chosen electrolyte, and the quantity of charge used recorded. The 
electrode is then transferred into a solution where the metal dissolves entirely into a 
single oxidation state, and no other reactions occur at the stripping conditions e. g. 
hydrogen evolution [3.17]. The charge measured during the dissolution can then be 
attributed entirely to the metal, and the theoretical metal deposition charge 
calculated. This is then divided by the total charge consumed during the actual 
deposition to find the efficiency of electroreduction. 
3.2.4 Method 
The characterisation experiments were conducted in two parts: firstly voltammetry to 
find the Cu(II) deposition potential, Cu(II) limiting current and an estimate for the 
efficiency of copper deposition from nitrate electrolytes. Anodic stripping 
experiments were then performed to find the efficiency for a variety of applied 
currents. Both parts of these experiments were carried out for copper in nitrate 
solution, copper and nitrate solutions with iron/tin, as well as real waste solutions. 
Cyclic Voltammetry 
Cyclic voltammograms were recorded for each solution detailed in Table 3-1. The 
voltammograms were recorded at several rotation speeds ranging between 200rpm 
and 1000rpm, at a scan rate of lOmV/s. The potential was scanned in the cathodic 
direction from OmV to -600mV and then anodically until all the copper had been 
removed from the electrode (zero current). 
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It was expected that some of the nitrate in solution would be reduced during the 
copper deposition [3.10,3.18]. Therefore cyclic voltammograms for the background 
electrolyte were recorded. If the reactions are uncoupled, which research has 
suggested [3.19], then the current due to the background electrolyte can be subtracted 
from the copper solution curve, allowing one to calculate the current due to the 
copper deposition only. This procedure can enable the true values for the Cu(II) 
deposition potential and Cu(II) limiting deposition current to be determined. 
The deposition potential of the copper was taken to be the potential arising when the 
current flowing through the cell was -2mA. This definition was chosen because it 
was difficult to find the exact potential at which the current became non-zero, due to 
the resolution limitation of the instrument (background current). The value of -2mA 
was measurable on all the scans and when used consistently, showed clear 
differences in the deposition potential. 
The efficiency of the copper deposition during the cyclic voltammetry, at rotation 
speeds of 800rpm, was determined from a graph of current against time, by 
integrating the area under the curve (Figure 3-4). The total charge during the 
deposition Qcathodic, which included contributions from copper deposition and other 
competitive reactions, such as nitrate reduction and hydrogen evolution was the area 
denoted by 1. 
tl 
Qcathodic 
-J 
'cathodic 
* 
dt 
0 
(3.1) 
The charge from copper deposition alone was equal to that from copper stripping 
Qanodic (area 2), as in these solutions no other reactions occur at these potentials. The 
potential was not positive enough for water to break down, and nitrate cannot be 
oxidised as nitrogen is already in its highest valence state of +5. 
t, 
Qanodic 
JIanodic 
, 
dt 
tl 
(3.2) 
59 
CHAPTER 3 
The efficiency of the copper deposition was then calculated as shown in Eq. (3.3). 
This method cannot be used to estimate the efficiency for deposition at a single 
current. 
ýi _ anodic x 100 
Qcathodic 
60 
40 
20 
E0 
-20 
-40 
-60 
(3.3) 
Figure 3-4 Cyclic voltammogram plotted as current against time, to show efficiency calculation 
As the ionic concentration of some of the solutions detailed in Table 3-1 are fairly 
dilute, there may be uncompensated resistance between the working and reference 
electrodes. This resistance will cause errors in the i-E data. There are several 
methods used to measure this resistance: the simplest is to determine the solution 
conductivity and calculate the resistance assuming the solution is a conductor of area 
equal to the cell diameter; a more accurate value can be obtained by the current 
interrupt or impedance methods. In the interrupt technique the current through the 
cell is suddenly interrupted, and the potential recorded. The potential immediately 
falls by the product of the original cell current and the uncompensated resistance. 
After this initial drop the potential decays exponentially as the effective capacitor 
across the double layer discharges [3.14]. The AC impedance method involves 
measuring the impedance of the electrochemical cell as a function of frequency. The 
real part of the measured impedance is then plotted against the imaginary part. The 
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solution resistance is given by the intercept on the real axis as the frequency tends to 
infinity. 
In order to estimate the solution resistance, and thus the errors in the i-E data, the 
simple conductivity method was chosen. The solution conductivity was calculated 
using Kohlrausch's law of independent migration of ions (Eq. 3.4). This relates the 
conductance of a salt A to the conductance of the individual ions A; where v is the 
number of positive or negative ions in the salt, and z the valency. 
n= z+V+A+ + Z_V_2_ (3.4) 
The conductivity of the solution x is then the sum of the product of the conductance 
and molarity of each component (Eq. 3.5) 
K=ýn"C 
The values of ionic conductance used in the calculations are shown in Table 3-2. 
/S cm2 per equivalent 
Cu 2+ 54 
H+ 349.8 
N03- 71.4 
Table 3-2 Values of ionic conductance at infinite dilution in water at 298K [3.20] 
(3.5) 
The resistance of the solution between the working and reference electrodes can then 
be calculated from the solution conductivity using Eq. (3.6), where L is the electrode 
separation, and A is the cross sectional area of the solution between the reference and 
working electrodes. These calculated solution resistances were checked using a 
conductivity meter, calibrated in dilute KCI. 
_L RS 
KA 
(3.6) 
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This simple conductivity measurement is only strictly suitable for systems that have 
simple geometry, where the current lines flow normal to the electrode surface, and 
the reference electrode is between the anode and cathode. This is not the case in the 
H-cell. However, the solution resistance was subtracted from the i-E data to 
determine whether the shape of the voltammogram was altered, rather than to 
determine the potential at which peaks or other artefacts occur at. Therefore, quite 
large inaccuracies in the value of the solution resistance can be tolerated. 
Anodic Stripping 
In order to determine the Cu(II) deposition efficiency at a particular current, separate 
stripping experiments were performed. Copper was deposited from each solution at 
a range of currents because nitrate ions are thought to be reduced concurrently with 
Cu(II). Therefore, the proportion of the cell current used for the deposition will vary 
as the current changes. This is illustrated in Figure 3-5, where the deposition 
efficiency for Cu(II) at the current I4 is seen to be less than at 13. 
_I 
-E 
Figure 3-5 Diagram showing how the efficiency can change with cell current 
Initially, copper was deposited from solution onto the gold electrode at 800rpm. The 
deposition was carried out for td seconds at a current Il. The copper deposit was then 
washed with deionised water and transferred into 0.5M HC1. Copper was stripped 
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from the disc at constant potential and the current recorded. The disc speed was kept 
at 800rpm. This deposition/stripping cycle was carried out at four different 
deposition currents for each solution, to study the effect of applied current. The 
experiments were repeated at least three times for each current to gain an estimate of 
the reproducibility. The experimental uncertainty at 95% confidence interval could 
then be calculated. 
Hydrochloric acid was chosen as the stripping electrolyte as it can dissolve copper 
into cuprous ions only, rather than a mixture of Cu(I) and Cu(II) [3.21]. The 
dissolution is thought to proceed via the mechanism shown below [3.22]. 
Cu + Cl- - CuCI + e- CuCI + Cl - -> CuCl2- 
The potential at which copper could be removed as cuprous ions was determined by 
stripping the copper potentiodynamically, according to the method described by 
Horkans et al [3.16]. It can be seen from Figure 3-6 that as the potential was 
scanned anodically, copper was stripped from the electrode at potentials more 
positive than -200mV. It is important to ensure that the copper is dissolved entirely 
into the +1 oxidation state. The second peak is thought to be the result of a thick 
film of CuCI forming on the electrode surface, leading to dissolution into mixed 
oxidation states [3.16]. The stripping was therefore carried out in the potential range 
of the first peak; the chosen value being OV vs SCE. 
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Figure 3-6 Current due to potentiodynamic stripping of copper into 0.5M HC1,800rpm, scan 
rate lOmVs"1 
To ensure the dissolution was occurring entirely as Cu(I), copper was deposited onto 
the rotating disc from a 0.05M CuSO4 + 2M H2SO4 solution, at -0.7V for 1min. This 
deposit was then stripped potentiostatically at OV in 0.5M HC1. If the Cu is stripped 
entirely as Cu(I), the charge from the dissolution of m moles of copper Qstrip is: 
Qstrip = mnF , where n=1 
(3.7) 
The charge Qtlaeor that would have been used to deposit this mass will be twice Qstrip, 
as copper was deposited from a solution of Cu(II): 
Qtheor = mnF =2" Qstrip ' as n=2 in this case 
(3.8) 
The efficiency was therefore calculated as twice the stripping charge Qstrip, divided 
by the charge actually used during the deposition Qaeposit. If any copper was 
dissolved into the +2 state, the efficiency as calculated above will become >100%. 
Example deposition and stripping data are shown in Figure 3-7. The calculated 
efficiencies for three experiments were 94.1%, 95.9%, 95.5%. These efficiencies are 
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within 2% of each other and close to 100%, therefore this method was thought to be 
practicable. 
4.0 
2.0 
0.0 
-2.0 
E 
-4.0 
-6.0 
-8.0 
-10.0 
Figure 3-7 (a) Deposition of Cu from 0.05M CuSO4 + 0.2M H2SO4 (b) Copper stripping into 
0.5M HC1. Scan rate lOmVs"1,800rpm 
The method described above was not used to determine the efficiency of copper 
deposition from the real waste solution, because the deposited copper was powdery 
and could not be removed electrochemically. After deposition from the waste, these 
copper deposits were left overnight in a known volume of 0.5M HNO3 (Suprapur, 
Merck). The copper deposits from several runs were dissolved in the same volume 
of HNO3 to ensure there was a sufficiently high concentration for subsequent 
detection and analysis. The copper concentration, and thus the number of moles of 
copper that had been deposited, were then determined using an ion selective 
electrode (Radiometer). The theoretical charge to deposit this amount of copper was 
calculated using Faraday's law, and divided by the actual charge used to obtain the 
deposition efficiency. 
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3.3 Reactor Recovery 
The ability to recover copper from nitrate containing solutions was validated by the 
electrochemical characterisation study. Industrially, an electrochemical reactor 
would be used for this recovery stage. Therefore the aim of these reactor 
experiments was to determine the feasibility and efficiency of copper recovery from 
waste tin stripping solution using a parallel plate reactor. 
3.3.1 Electrolytes 
These experiments were conducted in two stages: initially the mass transfer 
properties of Cu(II) reduction in the reactor were determined, and then copper was 
recovered from the simulated waste stripping solution. The mass transfer properties 
were determined using solutions of CuSO4 in H2S04. Sulphuric acid was used as a 
reference electrolyte because sulphates are not reduced concurrently with copper, 
unlike nitrates. To determine if the Cu(II) deposition was mass transport controlled, 
two Cu(II) concentrations were used. As the Cu(II) concentration in the stripping 
waste is 0.3M [3.23], the chosen concentrations were 0.3M and 0.03M. The initial 
solution of 0.3M CuSO4 + 1M H2SO4 was diluted to produce 0.03M CuSO4 + 0.1M 
H2SO4. All solutions were made using AnalaR reagents and high purity water 
(14MSQ). 
Ideally, the copper recovery experiments would have been performed using waste tin 
stripping solution as the electrolyte. However, insufficient process waste solution 
was available to fill the 0.01m3 tank associated with the reactor. A simulated 
solution was therefore prepared. The composition of the fresh stripping solution was 
known from the Tinsolv 2000 material safety data sheet (MSDS) and is shown in 
Table 3-3. The waste stripping solution will also contain dissolved copper, and tin as 
a suspension of Sn02. 
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HN03 <15% 
Fe(N03)3.9H20 <10% 
NH4NO3 <5% 
glycolic acid <2% 
Table 3-3 Composition of Tinsolv 2000 (Atotech UK) [3.24] 
Tinsolv 2000 is the second stripping solution used in a two stage process; therefore 
the majority of the tin has already been removed. During this second stripping stage, 
ferric and nitrate ions are reduced as the copper-tin intermetallic is dissolved from 
the PCB. The pertinent reactions are shown below: 
Cu° +8HN03 -> Cu(N03)2+ 2NO+4H20 
Cu° + 2Fe(III) -> Cu(II) + 2Fe(II) 
To prepare a simulated waste solution, the proportion of ferric ions and nitric acid 
consumed during the dissolution need to be calculated or measured. The full details 
of these calculations are shown in Appendix A. The composition of the simulated 
stripping solution used for the reactor recovery experiments is shown in Table 3-4. 
HNO3 1M 
Cu(N03)2 0.3M 
FeSO4 0.2M 
Fe(N03)3 0.05M 
NH4NO3 0.375M 
glycolic acid 0.131M 
Table 3-4 Composition of simulated waste stripping solution for reactor recovery experiment 
3.3.2 Equipment 
A parallel plate reactor was used to recover copper in this study (Figure 3-8). This 
reactor was originally designed for the recovery of gold from thiosulphate-sulphite 
electrolytes [3.25]. The reactor was composed of four Perspex blocks (0.28 x 0.10 x 
0.025 m): the anode and cathode were recessed into the outer blocks, and the inner 
two formed a flow channel of 2.688x 10-3 m2. The cathode consisted of a flat copper 
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plate of area 6x 10-3 m2 and the anode was a platinised titanium mesh. The reference 
electrode was a copper wire inserted into the flow immediately above the cathode. 
The copper wire gave a measured potential of +51mV against the SCE in 0.3M 
CuSO4 H2SO4. 
Section X-X 
OUT 
Inlet JI Inlet 
X 
Figure 3-8 Parallel plate flow reactor used for recovery experiments 
IN 
The reactor was configured as a batch recycle reactor (Figure 3 -9). The electrolyte 
was stored in a 0.01m3 tank and pumped into the base of the reactor through two 
inlets. The flowrate was measured using rotameters on the inlet piping. The current 
to deposit the copper was supplied by a Digimess HY3010 1OA power supply. The 
potential generated between the cathode and copper reference electrode was 
measured using a Thandar TM351 digital multi-meter. 
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Figure 3-9 Reactor configuration for copper recovery 
3.3.3 Method 
The reactor experiments were carried out in two parts: initially the limiting current 
for copper deposition was determined from i-E data, which allowed the mass transfer 
coefficient for the copper to be estimated. The reactor was then used to deposit 
copper from the simulated waste stripping solution at the Cu(II) limiting current. 
Mass Transfer of Copper in Reactor 
To determine the maximum rate that copper could be deposited, the limiting current 
for copper in the reactor was found by recording linear voltammograms. These 
polarisations were taken by adjusting the current across the reactor and measuring 
the potential of the cathode with respect to the copper reference electrode. To 
determine if the copper deposition is mass transport controlled, voltammograms were 
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recorded in 0.3M and 0.03M CuSO4. The flowrate through the reactor was also 
adjusted in the range 1.67 - 3.33 x 10-4 m3s-1 to determine the effect of flow on the 
mass transport. 
The limiting currents determined from the i-E data were used to determine the mass 
transport coefficient of copper in the reactor via Eq. (3.9). 
IL= Ank, n c0 
Copper Recovery from Waste 
(3.9) 
During copper recovery from the simulated waste tin stripping solution, the 
maximum rate of copper deposition will occur when the current through the cell is 
equal to the copper limiting current. This limiting current is proportional to the 
copper concentration, as shown by Eq. (3.9). Therefore, as the copper concentration 
decreases, the limiting current for the deposition will also decrease. Any excess 
charge, from a cell current higher than the copper limiting current, will be wasted on 
side reactions e. g. N03-, H+ reduction. To minimise these parasitic reactions, and 
thus maximise the deposition efficiency, the cell current should be periodically 
reduced in line with the copper concentration, as described by Sobri [3.25]. 
To reduce the cell current in line with the copper concentration, the variation of 
Cu(II) concentration with time in the simulated waste needs to be estimated. A 
theoretical plot of the normalised Cu(II) concentration was therefore constructed 
using Eq. (3.10). This equation assumes that copper is reduced at its mass transfer 
limiting current. 
c(t) = c(O) " exp - 
km At 
VT 
(3.10) 
For Eq. (3.10) to model to recovery of copper from the nitrate based stripping 
solution, the value of k1 should be based on a nitrate electrolyte. However, the 
values calculated from the i-E data were from a sulphate electrolyte. The Nernst 
diffusion layer model was used to derive a relationship between the mass transfer 
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coefficients in sulphate and nitrate electrolytes. This relationship is given by Eq. 
(3.11), with the diffusion coefficients D shown in Table 3-5. 
k, 
n 
(Cu, N03) = kr (Cu, SO, ) 
D(Cu, NO3 ) 
D(Cu, SO4 ) 
Dx 10-6/ cm2 s-I 
Cu in N03- 8.71 
Cu in SO42- 5.16 
Table 3-5 Diffusion coefficients of 0.3M copper [3.26] 
(3.11) 
The theoretical plot of normalised copper concentration, with a representation of how 
the cell current is reduced, is shown in Figure 3-10. Initially the cell current is set to 
the limiting value for [Cu]=c(0), after a set time the current is reduced to the limiting 
value for [Cu] =c(tj) where c(tj) is calculated from Eq. (3.10) and IL from Eq. (3.9). 
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Figure 3-10 Theoretical copper reduction illustrating how the cell current is reduced with [Cu] 
The reactor was run for 16 hours, and the cell current was reduced every hour to the 
value calculated for the theoretical copper concentration. The cell and cathodic 
potential were recorded every time the current was reduced. A 50ml sample of the 
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electrolyte was also removed every hour for later analysis by ICP. The flow through 
the reactor was set to the maximum value of 3.33x10-4 m3s-1 in order to determine the 
highest copper recovery possible. 
3.4 Metal Ion Analysis 
The analysis of solutions to determine the Cu(II) concentration was required for two 
of the experimental stages in this project. During the electrochemical 
characterisation, the Cu(II) concentration in a known volume of HNO3 needed to 
determine the deposition efficiency of copper from the real waste solution. In 
subsequent experiments to establish the feasibility of copper recovery using an 
electrochemical reactor, the Cu(II) concentration was measured every hour to find 
the depletion and efficiency. 
3.4.1 Review of Techniques 
There are several families of techniques that could be used to analyse the 
concentration of copper ions in the nitrate solutions. These are spectrophotometry, 
chromatography and electrochemical methods. 
In its simplest form, spectrophotometry involves relating the colour intensity of a 
solution to its concentration [3.27]. The measurement can be by visual standards or 
by a colorimeter, which measures the intensity of light of the complimentary colour 
to the solution, after it has passed through the sample. Atomic spectroscopy is a 
variation of this technique where the sample is vaporised, and electromagnetic 
radiation of characteristic wavelength, is passed through the sample [3.28]. The 
absorbance of this light is then measured; this is known as atomic absorption 
spectrometry (AAS). The disadvantage of this technique is that a source lamp is 
required for each element to be analysed [3.29]. Another variation of atomic 
spectroscopy is inductively coupled plasma (ICP) spectrometry. The sample is 
introduced into high temperature argon plasma which excites the atoms [3.29]. The 
radiation emitted is then recorded. The technique is widely used for the quantitative 
analysis of metals, especially at trace levels. 
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Chromatography separates substances by their differing migration rates through a 
stationary phase [3.29]. However, after they have been separated the concentrations 
of the components still have to be determined. In gas chromatography this is done 
by converting the substances into ions and measuring the current produced as they 
are attracted by charged plates. In high pressure liquid chromatography, which 
would be used for our metal ion determination, the concentration is found via the 
electrical conductivity of the solution at the exit of the ion exchange resin. 
The electrochemical family of techniques involve measuring the potential or current 
generated between electrodes placed in the sample. The magnitude of the response is 
related to the concentration of the species in solution. There are a large variety of 
methods used, for example: voltammetry and ion selective electrodes [3.28]. The 
techniques are able to determine the concentration of several metals in a single 
sample, detect trace levels and require relatively inexpensive instrumentation [3.30]. 
In voltammetry a potential is applied across the sample and the current response 
measured. As electroactive species respond at characteristic potentials, and the 
magnitude of the current is proportional to the concentration of the ion in solution, 
the technique is both qualitative and quantitative [3.31]. Ion selective electrodes 
(ISE) are specific to a single ion, for example pH probes are specific to H+. The 
potential is measured between two reference electrodes; one immersed in the solution 
of interest, the other in an internal reference solution, separated by a membrane 
[3.32]. This potential is proportional to the concentration of the specific ion in the 
solution. 
A Cu ISE was chosen to measure the concentration of copper in HNO3 as part of the 
anodic stripping experiments. The electrode could detect copper in the range 
required and the measurement could be made with minimal sample preparation. The 
concentration of copper also needed to be measured in the simulated stripping 
solution during the reactor recovery experiments. However, this solution contained 
Fe(III) which interferes with the Cu ISE [3.33]. Although reagents can be added to 
the stripping solution to overcome this problem, the concentrations were measured 
using an alternative analysis method. ICP was chosen as ferric ions do not interfere 
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with this method; however the samples had to be significantly diluted before the 
analysis. 
3.4.2 Ion Selective Electrodes 
An ion selective electrode system consists of two identical reference electrodes; one 
immersed in the solution to be analysed, the other in an internal reference solution. 
These two solutions are separated by a membrane. The cell for ion analysis is shown 
diagrammatically in Figure 3-11, in reality the membrane, internal reference solution 
and a reference electrode are all contained in a single probe. 
E 
membrane 
solution internal 
to be reference 
analysed solution 
E1 
O(QD 
Figure 3-11 Diagram of an ISE 
E2 
The membrane is only permeable to particular ions e. g. cations, therefore when the 
ISE is immersed in the solution of interest these ions selectively diffuse through the 
membrane due to the concentration gradient between the solutions. This diffusion 
causes a build up of charge on one side of the membrane, preventing further 
diffusion. The potential generated at this equilibrium is known as the Donnan 
potential dcpD [3.34]. For the example illustrated above, the cell potential E can be 
expressed as: 
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E=E2+O9D-E, (3.12) 
where E1 and E2 are the potentials of the reference electrodes. It can be assumed that 
the potential of these reference electrodes are constant and the Donnan potential can 
be expressed by the Nernst equation, with the internal reference concentration a 
constant. Therefore, for dilute solutions, the cell potential is a function of the 
concentration of the species of interest c [3.32], as shown in Eq. (3.13). 
E= constant + 
RT 
In(c) 
nF 
Method 
(3.13) 
To determine the Cu(II) concentration in 0.5M HNO3, after copper had been 
deposited from the real waste as part of the anodic stripping experiments, a Cu ISE 
(ISE25CU_9, Radiometer) was used in conjunction with an SCE. Initially, the 
system had to be calibrated using solutions of differing concentrations. The 
maximum Cu(II) concentration that could occur in the samples was calculated, 
assuming that the copper had been deposited at 100% current efficiency from the real 
waste. This calculation gave a calibration range of 10-4 - 10-5M. The calibration was 
carried out in 100ml of 0.5M HNO3, neutralised with KOH so the pH was within the 
working range for the probe (3 to 7). Copper was then added incrementally from a 
1000mg/l Cu standard (BDH). The potential of the system was then measured after 
each addition of Cu standard. A plot of ln[Cu] against the measured potential E, 
should produce a straight line. Figure 3-12 shows the calibration curve produced; the 
measured potentials closely approximate a straight line, so the calibration was 
thought to be acceptable. 
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Figure 3-12 Calibration curve for Cu ISE in 0.5M HNO3 
The anodic stripping samples consisted of dissolved copper in 100ml of 0.5M HNO3. 
To determine the copper concentration, only 50m1 of this sample was used because 
the test is destructive. Initially KOH was added to adjust the pH to the optimum 
range for the Cu ISE. After about 10 minutes to allow for equilibration, the potential 
between the ISE and SCE was measured. The concentration of this test sample was 
then obtained from the calibration curve (Figure 3-12). This concentration was not 
the same as the original sample, because a volume of KOH had been added. 
However, the number of moles in the test solution, and therefore in the original 
sample, could be calculated. 
3.4.3 ICP Spectrometry 
Inductively coupled plasma - optical emission spectrometry is an analysis technique 
based on the emission of electromagnetic radiation by excited atoms [3.35]. The 
sample to be analysed is introduced into the ICP via a nebuliser to convert the liquid 
into an aerosol. This aerosol is then atomised, and the atoms excited by argon 
plasma at temperatures of up to 8000K. When excited, atoms emit electromagnetic 
radiation at characteristic wavelengths as they relax to their ground state. The 
radiation is separated (e. g. by diffraction gratings) and then detected. The radiation 
intensity is converted to a concentration by comparison with standards. 
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The copper concentration in the simulated waste samples from the reactor recovery 
experiments was measured by the Chemical Analysis Unit, Newcastle University, 
using a UNICAM 701 Series Emission Spectrometer. Three concentration 
measurements were made from each sample, which enabled the combined 
uncertainty, at 95% confidence interval, due to this measurement technique to be 
calculated. The maximum Cu(II) concentration that could be measured using ICP 
was 500ppm; 0.3M Cu(II) is equivalent to 18,900ppm. The samples were therefore 
diluted 100 times using 1M HNO3 (Suprapur, Merck) made with deionised water 
(14M1 ). 
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4 THERMODYNAMIC ANALYSIS 
To ensure that the proposed recovery process (Section 1.5) is feasible, the 
preliminary stage in this work was to study the solution thermodynamics. 
Calculations have been performed to discover when the metals are in solution and 
what form they take at different values of pH and electrode potential. This 
information is then compared to the proposed unit operations. For example, if two 
metals are to be separated by filtration, one metal should be in solution, the other 
solid; these calculations tell us when/if this will occur. This theoretical analysis will 
be achieved by constructing Pourbaix diagrams [4.1], and utilising MINEQL+ [4.2] 
(chemical equilibrium modelling software) to produce speciation plots. The 
thermodynamic information can be used to determine: 
" how much of the tin will exist as a precipitate after aeration; ideally 
no tin will remain in solution, 
" whether the filtration can be used to separate tin and copper, and the 
conditions required, 
" the distribution of the iron between the precipitated tin and dissolved 
copper, 
41 and the conditions for copper and tin electrowinning. 
4.1 Pourbaix Diagrams 
The spent tin stripping solution contains copper, tin and iron in nitric acid. The focus 
of the thermodynamic work is therefore on these three metals. For both copper and 
tin (the metals of interest), diagrams have been constructed for the metals in 
conjunction with water, aqueous chloride and aqueous nitrate solutions. The reason 
for the chloride solution being included is that the proposed recovery scheme 
(Section 1.5) involves the dissolution of tin in hydrochloric acid, and it is possible 
that some copper could be carried over into this stage. Diagrams have also been 
constructed for iron with water and in nitrate solutions; chlorides were not initially 
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included because there is a lower concentration of iron than copper, so significant 
amounts are unlikely to be carried into the tin stage. 
There are several assumptions inherent in the construction of these diagrams: 
9 The temperature is 298K, which is within the operating range of 25- 
35°C for the stripping process and also standard room temperature, so 
the assumption is valid whether the waste is processed immediately or 
left. 
0 The most stable solids have been considered, whilst transient species 
ignored. 
0 Species for which there is no thermodynamic information have not 
been included. 
0 The chemical potential for a solid is constant. The actual value is 
dependent on the perfection of the crystal lattice [4.3]. 
" No metal/metal compounds are formed between copper, iron and tin. 
4.1.1 Copper 
Copper is etched from the surface of the circuit board along with the tin during the 
stripping process using a nitric acid solution. This was calculated to contain 1M 
HNO3 (Appendix A). During the filtration stage, it is possible that some copper 
could be carried over into the tin electrodeposition stage where it would be dissolved 
into HCI. 
The diagram for the copper-water system was used as a sample calculation and can 
be found in Section 2.1.2. 
Copper-Nitrate- Water 
The spent stripping solution is predominantly aqueous nitric acid, with a 
concentration of approximately 1M. Initially the tin would be removed from the 
waste by filtration, therefore copper must be dissolved or it will contaminate the tin 
precipitate. After the filtration stage it is proposed to electrowin copper directly from 
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the nitrate solution. It is therefore important to know how the nitrate ions change the 
copper speciation so that the conditions for filtration and electrowinning can be 
determined. 
The substances considered, in addition to those in the copper-water plot, are show in 
Table 4-1 along with their thermodynamic information. Also contained in this table 
are more recent values for the Gibbs free energy for the copper species than were 
used by Pourbaix [4.4]. 
Aqueous Solid 
AG° / kJ mol-1 AG° / kJ mol-1 
CuNO3+ -48.5 [4.5] Cu(N03)2 (s) -109 
Cu(N03)2 (aq) -154.6 [4.5] Cu20 -148.1 
NO3- -111.3 CuO -134 
Cu+ 50.3 H2O -237.178 
Cu 2+ 65.7 
HCuO2- -258.9 
Cu022- -183.9 
Table 4-1 Thermodynamic data for copper-nitrate substances (all data Bard [4.6], unless 
specified) 
The diagram was constructed by the same method that was described in Chapter 2. 
The reactions that were found to be relevant are shown in Table 4-2. 
Electrochemical Chemical 
Dissolved 
Cu+ +N03--> CuNO3+ + e- HCuO2 + N03 + 3H+ - CuNO3+ + 2H20 
Cu+ +2H20 HCuO2 + 3H+ +e- HCu02 - CuO22 + H+ 
Cu +2H,, ` +4H+ +e- 
Solid 
2Cu+H, O-> Cu, O + 2H+ + 2e- 
Cu, O + H2O -> 2CuO + 2H+ + 2e- 
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Solid / Dissolved 
Cu20 + 3H20 --> 2CuO22 + 6H ++ 2e- Cu022 + 2H + --> CuO + H2O 
Cu + 2H20 --> Cu022 + 4H+ + 2e- CuO + N03-+ 2H+ --> CuNO3+ + H, O 
Cu20 + 2NO3 + 2H+ -> 2CuNO3+ + H, 0+ 2e- 
Cu + N03 - CuNO3+ + 2e- 
Table 4-2 Reactions represented in the copper-nitrate-water Pourbaix plot 
The completed Pourbaix diagram is shown in Figure 4-1, where it can be seen that 
the region that was occupied by the Cu 2+ ion in the copper-water plot has been 
replaced by the CuNO3+ ion. The deposition potential does not change significantly 
compared to the non-complexing case; to remove copper to an activity of 10-6, a 
potential of 0.15V, compared to 0.16V for copper-water, is required. However, the 
region of pH where copper is in solution is smaller, with the precipitation of a 
solution with copper activity 1 occurring at pH 3.54, compared to 3.95 without the 
nitrate. 
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Figure 4-1 Pourbaix diagram for copper-nitrate-water system (298K, aNo3 =1) 
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The stripping solution contains 0.3M copper [4.7], if it is assumed that the 
concentration and activity are equivalent, it can be estimated from the CuNO3+/CuO 
equilibrium that all the copper will be in solution if the pH is less than 3.8. To 
separate the copper and tin, the tin must exist as a solid in this region. The Pourbaix 
plot also shows that 0.3M Cu(II) will start to be deposited at +0.31 V. 
Copper-Chloride- Water 
The recovery method proposed by Kerr [4.8], includes a stage where tin(IV) oxide is 
filtered from the stripping solution. This may then be dissolved in HCl to recover the 
tin by electrowinning. If any copper is carried over in the residue it will enter the tin 
electrowinning stage; it is therefore interesting to know the behaviour of copper in 
these solutions. The actual chloride concentration that would be required is 
unknown, so a value of 0.1M was chosen to gauge the effect. 
The species that were considered, in addition to those from the copper-water plot are 
shown in Table 4-3, along with their Gibbs free energies. 
Aqueous Solid 
AG° / kJ mol-1 AG° / kJ mol-1 
Cl- -131.0563 CuCI -119.8 
CuCl2- -240.5 CuC12 -173.9 
CuCI+ -68.2 [4.5] Cu2(OH)3C1 -669.83 [4.9] 
Table 4-3 Thermodynamic data for copper-chloride substances (data from Bard [4.6], unless 
specified) 
This plot was constructed by the method described for the copper-water diagram. 
The reactions that were used in the construction are shown in Table 4-4. 
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Electrochemical Chemical 
Dissolved 
Cu 2'+ + 20 + e--> CuC12 Cu 2+ + 2H20 - HCuO2 + 3H 
HCuO2 + 2Cl - +3H+ + e- --* CuCl2 + 2H20 HCu02 - CuO22 +H+ 
Cu0,2 + 20 + 4H+ + e- --> CuCI2 -+ 2H20 
Solid 
2Cu + H20 -> Cu20+2H+ +2e- 2CuO+CI- +H20+H+ -Cu2(OH)3Cl 
Cu2O + H2O -> 2CuO + 2H+ + 2e- 
Cu + Cl- -4 CuCI + e- 
Cu20+2C1 +2H+ -> 2CuC1 + H20 
Cu20+Cl- +2H2O - Cue(OH)3Cl +H+ +2e- 
2CuCl+3H2O - Cu2(OH)3Cl+Cl- +3H+ +2e- 
Solid / Dissolved 
CU C1 -> Cu 2+ +Cl- +e- Cue(OH)3Cl+3H+ -2Cu2+ +Cl +3H, 0 
Cu20 + 3H20 -> 2HCuO2 + 4H+ +2e- HCuO2 + H+ -> CuO + H2O 
Cu2O + 3H2O -> 2CuO22 + 6H+ + 2e- Cu022 + 2H+ -4 CuO + H2O 
Cu + 2H20 - Cu022 + 4H+ + 2e- Cu20 + 40- + 2H+ -> 2CuCl2 + H, O 
CU2 (OH)3C1 + 30- + 3H+ + 2e- -> 2Cu Cl + 3H20 
CuO + 20- + 2H ++ e- -4 CuCl2- + H2O 
Cu + 20--> CuCl2- +e 
Table 4-4 Reactions represented in the copper-chloride-water Pourbaix diagram 
The completed Pourbaix diagram is shown in Figure 4-2. 
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Figure 4-2 Pourbaix diagram for copper-chloride-water system (298K, aC1=0.1) 
It is found that the addition of chloride ions affects the low pH region of the diagram. 
The main changes are that the CuC12- ion is more stable than the Cu' ion and replaces 
it in the plot, and there are extra solid substances. The implications of these changes 
are that the region where the copper is dissolved has been decreased, so precipitation 
will happen at lower values of pH than with non-complexants; for ac,, =1 precipitation 
i 
occurs at a pH of 2.86 for copper/chloride as opposed to 3.95 in the copper-water 
system. It could be inferred from the equilibrium condition of the Cu2+ / Cu2(OH)3Cl 
reaction (Eq. 4.1) that the precipitation pH would continue to decrease as the chloride 
ion concentration is increased. However, by the time the chloride activity has 
reached 1, Cu 2+ is no longer the predominant ion in that region, but is replaced by 
CuC1+ and the effect is mitigated [4.1]. 
2.1og(acu2+ )= 7.58 - log(ac_ 
)- 3 pH (4.1) 
The change of predominant ion (CuC12-) in the deposition region (i. e. dissolved 
ion/metal boundary) has the consequence that the potential required for deposition 
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will need to be decreased from the copper-water case. The copper-water Pourbaix 
diagram (Figure 2-3) shows that copper of activity 10-6 will be deposited at +0.16V, 
however looking at this potential on the copper-chloride diagram (Figure 4-2) the 
line that represents an activity of 10-6 CuCl2- is more negative (-0.012V). Thus to 
remove all the copper from a chloride solution, a more negative potential is required 
than for the non-complexing case. 
4.1.2 Tin 
The spent stripping solution will contain tin as a precipitate of tin(IV) oxide. For 
effective separation from the copper containing solution, it is important to know the 
conditions that prevent tin existing in solution. Thermodynamic calculations will 
also be required to provide details of tin behaviour in chloride solutions; the media 
proposed for its deposition. 
Tin-Water 
The tin-water Pourbaix diagram will be constructed to provide a basis against which 
to compare the effect of the anions. The species that were considered and the 
relevant thermodynamic data are shown in Table 4-5. 
Aqueous Solid 
AG° / kJ mol-1 AG° / kJ mol-1 
Sn4+ 2.72 Sn 0 
Sn2+ -26.27 SnO -258 
Sn032- -575.4 Sn02 -515.8 
HSnO2- -410 
Other 
H2O -237.35 SnH4 (öý 415 
Table 4-5 Thermodynamic data for tin-water substances (data from Pourbaix [4.4]) 
The tin hydroxides were not considered, as they are less stable than the oxides [4.4]. 
The pertinent reactions are shown in Table 4-6. 
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Electrochemical Chemical 
Dissolved 
Sn2+ Sn4+ + 2e- Sn4+ + 3H20 Sn032 + 6H+ 
Sn2+ +3H2 0-> Sn032 + 6H+ + 2e- Sn2+ + 2H20 - HSnO2 + 3H+ 
HSnO2 + H2O -p Sn032 + 3H+ + 2e- 
Solid 
Sn + 2H2O -> SnO2 + 4H+ +4e- 
Solid / Dissolved 
Sn-> Sn2++2e- Sn4++2H20-> Sn02+4H+ 
Sn + 2H2O - HSnO2 + 3H+ +2e- Sn032 + 2H+ -> Sn02 + H, O 
Sn2+ + 2H-, 0 -> Sn02 + 4H+ + 2e- 
HSn02 -> Sn02+H++2e- 
Gas / Solid 
SnH4 - Sn + 4H+ + 4e- 
Table 4-6 Reactions represented in the tin-water Pourbaix diagram 
The Pourbaix diagram for tin-water (Figure 4-3) shows that in the acidic region, tin 
only exists as a dissolved species across a small range of potentials at around 0V, or 
if the pH is less than -0.42. Tin also exists as a dissolved species in very alkaline 
conditions if pH is greater than 12.6. This diagram is valid for tin in the absence of 
substances with which it forms soluble complexes or insoluble compounds. 
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Figure 4-3 Pourbaix diagram for tin-water (298K) 
Tin-Chloride- Water 
It is proposed to dissolve tin in hydrochloric acid in order to recover it by 
electrowinning. Therefore the potential at which the deposition occurs and the 
regions where the tin is in solution need to be quantified. Initially the Pourbaix plot 
was constructed with a chloride concentration of 0.1M, as for the copper. 
The species that were considered and their Gibbs free energies are shown in Table 
4-7, which also contains more up to date values for the tin-water compounds (the tin- 
water diagram was not modified, as the effect was found to be insignificant). 
02 -4 -6 
° 
Sr, 4+ 
Sn02 
-ýý Sn 
90 
CHAPTER 4 
Aqueous Solid 
AG° / kJ mol-1 AG° / kJ mol-1 
Sn4+ 2.72 SnO -257 
Sn2+ -27.24 Sn02 -519.9 
Sn032- -574.965 SnC12 -302.1 
HSnO2- -410.0 Sn(OH)Cl. H2O -648.35 [4.10] 
SnCl62- -795.99 [4.11] Other 
SnCl42- -560.89 [4.11] H2O -237.178 
SnCI+ -167.9 C1- -131.0563 
SnC13 -431.82 [4.5] SnH4 ýbý 414 
Table 4-7 Thermodynamic data for tin-chloride substances (all data Bard [4.6], unless specified) 
The applicable reactions are summarised in Table 4-8. 
Electrochemical Chemical 
Dissolved 
SnCl+ - Sn4+ + Cl- + 2e- SnCI+ + 2H20 - HSnO2 + Cl- + 3H+ 
SnCl+ + 3H20 -> SnO32- + Cl- + 6H+ +2e- Sn4+ + 3H20 - Sn032- + 6H+ 
HSnO2 + H2O - Sn032 + 3H+ +2e- 
Solid 
Sn + 2H2O -4 Sn02 +4H+ +4e- 
Solid / Dissolved 
SnCI ++ 2H20 ->Sn02 + Cl -+ 4H ++ 2e- Sn4+ + 2H20 - Sn02 + 4H + 
Sn + Cl- -> SnCl+ + 2e- Sn032 + 2H+ -> Sn02 + H2O 
Sn+2H20 -* HSn02 +3H+ +2e- 
HSnO2 -*SnO2+H++2e- 
Gas / Solid 
SnH4 - Sn + 4H+ + 4e- 
Table 4-8 Reactions represented in the tin-chloride-water Pourbaix diagram 
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The tin-chloride-water Pourbaix diagram (Figure 4-4) shows that the addition of 
0.1M chloride ions has little effect on the tin solubility. The SnCI+ ion is more 
predominant than the Sn2+ ion, resulting in a change in the dissolved species region, 
but the effect this has on the deposition potential is marginal - the potential for a 
solution of SnCl' (activity equal to 10-6) in equilibrium with tin is -0.339V, whereas 
with a solution of Sn2+ the potential is -0.314V. It should be noted that the 
deposition potential for the tin is below the hydrogen stability line (B), so hydrogen 
evolution is possible. 
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Figure 4-4 Pourbaix diagram for tin-chloride-water (298K, aC1=0.1) 
It has been suggested in the literature that tin can be dissolved if the HC1 is 
concentrated [4.12,4.13] or the temperature is elevated [4.4.12,14]. 
To verify this, 
another Pourbaix plot was constructed with the activity of chloride 
ions set equal to 
5. The result can be seen in Figure 4-5. 
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Figure 4-5 Pourbaix diagram for tin-chloride-water (298K, aC1=5) 
The region where tin exists as a dissolved species has increased in size, with tin 
existing as a dissolved species at pH less than 0.98. The predominant ions have also 
altered again; Sn4+ ions have been replaced by SnC162-, and the SnCl' ions with 
SnC142-. The potential at which a solution of tin ions of activity 10-6 are in 
equilibrium with tin has decreased to -0.45V compared with -0.34V for a solution 
containing chloride ions with an activity of 0.1. 
Tin-Nitrate- Water 
In the proposed recovery scheme all the tin should be removed from the spent 
stripping solution via a filtration stage after acid recovery. For this to be effective, 
all the tin must exist as a precipitate or it may contaminate the copper electrowinning 
stage (or at least restrict the deposition potential). The tin-nitrate-water Pourbaix plot 
will show whether any of the tin is liable to be in solution and the conditions required 
to ensure there is not. 
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The species that was considered, in addition to those in the tin-water plot, was 
SnNO3+, which was calculated to have a Gibbs free energy of -103.74kJ/mol [4.2]. 
For SnNO3+ to affect the diagram, it must appear on the predominance area plot. The 
reactions of the dissolved species and their equilibrium conditions are shown in 
Table 4-9. 
Dissolved Reaction Equilibrium Condition 
SnNO3+ - Sn2+ + N03 No dependence on pH or electrode potential, 
so does not appear on diagram. 
SnNO3 + Sn 4+ + N03 + 2e '+ aS n E_ -0.0251+ 0.0296. log aNO _+0.0591. 
log 
3 aSnN03+ 
SnNQ++3H20->Sng2 +NO3 +6H++2e aSnO, 2- E=0.669+0.29610g a N03-0.1773pH+0.029610g a 
SnNO3+ 
SnNC1 ++ 2H20 -> HSnq + N03 + 3H+ asnNo3+ 9954+loga -3 pH log 
[ 
ýr03- a 
HSnO2- 
Sn2+ --> Sn4+ + 2e E= -0.155 + 0.0296 log 
aSn°+ 
aSnz+ 
Sn2+ + 2H2O HSn02 + 3H+ 2+ a5 n =10.80 - 3pH log aHSnOz- 
Table 4-9 Reactions between dissolved substances for tin-nitrate-water 
Considering the data, for the SnNO3+ ion to change the diagram it would have to 
displace the Sn2+ ion. This would happen when the equilibrium potential between 
the SnNO3+/Sn4+ couple is more positive than that between the Sn2+/Sn4+ couple, 
which is calculated to occur at a nitrate activity of - 106. This is not feasible; 
therefore nitrate ions will not have an effect on the tin-water equilibrium. 
4.1.3 Iron 
Iron exists in the tin stripping solution to provide extra oxidising power to remove 
the copper/tin intermetallic from the circuit board. To minimise the number of 
separations required, all the iron should stay in solution and pass through the 
filtration step with the copper, or it should all precipitate and be removed with the 
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tin. A Pourbaix diagram of the iron-water-nitrate system was therefore constructed 
to find the distribution of the iron between these two streams. 
Iron-Water 
The basic iron-water Pourbaix diagram will be constructed to provide a basis against 
which to compare the effect of the nitrate ions. The substances considered and the 
required thermodynamic data are shown in Table 4-10. 
Aqueous Solid 
AG° / kJ mol-l AG° / kJ mol-1 
Fe 2+ -78.87 Fe 0 
Fe 3+ -4.6 Fe203 -742.2 
FeOH+ -277.4 Fe304 -1015.5 
FeOH2+ -229.41 Fe(OH)2 (s) -486.6 
Fe(OH)2 (aq) -441.0 Fe(OH)3 (s) -696.6 
Fe(OH)2+ -438.1 
Fe(OH)3 (aq) -659.4 
Fe(OH)3- -615.0 Other 
Fe(OH)4- -842.2 H2O -237.178 
Fe(OH)42- -769.9 
Table 4-10 Thermodynamic data for iron-water substances (data from Bard [4.6]) 
The pertinent reactions are shown in Table 4-11. 
Electrochemical Chemical 
Dissolved 
Fe 2+ ->Fe3++e- Fe 
e++H20-FeOH++H+ 
Fee++H2O--- > FeOH2++H++e- Fei++H20_>FeOH2++H+ 
Fe 2+ +3H2 0 -> Fe(OH)3(aq) +3H+ +e- FeOH 
2+ + 2H20 - Fe(OH)3(aq) + 2H+ 
FeOH+ + 2H20 --> Fe(OH)3(aq) +2H ++ e- Fe(OH)4 + H+ -> Fe(OH) 3(aq) +H20 
FeOH ++ 3H20 -4 Fe(OH)4 + 3H+ + e- FeOH+ + 2H20 - Fe(OH)3 + 2H+ 
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Fe(OH)3 -+ H2O - Fe(OH)4 -+ H+ + e- Fe(OH)3-+H20 - Fe(OH)42 + H+ 
Fe(OH)42- --- > Fe(OH)4 +e 
Solid 
3Fe + 4H20 --> Fe3O4 + 8H + +8e - 
2Fe3O4 + H2O -> 3Fe2O3 + 2H+ + 2e- 
Solid / Dissolved 
2Fe2+ + 3H20 -> Fe203 + 6H+ + 2e- 2Fe3+ + 3H20 - Fe203 + 6H+ 
3Fe2+ +4H20--> Fe304 + 8H+ + 2e- 2Fe(OH)4 + 2H+ - Fe203 + 5H20 
3FeOH ++ H2O - Fe304 + 5H+ + 2e- 
Fe+H2O->FeOH++H++2e- 
Fe -> Fe 2+ + 2e 
Fe304 + 8H20 - 3Fe(OH)4 + 4H+ + e- 
3Fe(OH)42- + 4H+ -> Fe304 + 8H20 + 2e- 
3Fe(OH)3 + H+ -* Fe304 + 5H20 + 2e- 
Fe + 3H, 0 -> Fe(OH)3 + 3H+ + 2e- 
Fe + 4H20 -> Fe(OH)42 + 4H+ +2e- 
Table 4-11 Reactions represented in the iron-water Pourbaix diagram 
The Pourbaix diagram (Figure 4-6) shows that iron exists as a dissolved species at 
low pH; this dissolved region extends to almost neutral conditions depending on the 
potential of the whole system. 
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Figure 4-6 Pourbaix diagram for iron-water (298K) 
Additional dissolved iron species were included in this diagram, compared to those 
in the original by Pourbaix [4.4]. However, this is in line with a more recent 
publication on iron Pourbaix diagrams [4.15]; the change of species with increasing 
pH corresponds to the description in this work. 
Iron-Nitrate- Water 
As the stripping waste is a predominantly nitric acid solution, the knowledge of how 
nitrates affect the iron solubility is important for finding its distribution at the 
stripping stage. The nitrate concentration was 1M, as for the copper and tin 
diagrams. 
The species that were considered in addition those in the iron-water diagram are 
shown in Table 4-12 (no data about solid iron nitrate compounds could be found, 
although Fe(N03)3.9H20 exists). 
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AG° / kJ mol-1 
Fe(NO3)2+ -121.8 
Fe(N03)3 (aq) -338.5 
Table 4-12 Thermodynamic data for iron-nitrate species (data Bard [4.6]) 
Following the same argument used for the tin-nitrate system, nitrate ions were found 
to affect the Pourbaix plot, with Fe(NO3)2+ replacing the Fe 3+ at low pH. The 
relevant reactions are shown in Table 4-13. 
Electrochemical Chemical 
Dissolved 
Fe 2+ + NO3 -> Fe(NO3) 2+ +e- FeOH 2+ + N03 +H+ -> Fe(NO3) 2+ +H 2O 
Fee++H20->FeOH2++H++e- Fe e++H2O-FeOH++H+ 
Fe2+ +3H20-> Fe(OH)3(aq) +3H+ +e- FeOH 2+ + 2H20 - Fe(OH) 3(aq) + 2H+ 
FeOH+ + 2H20 - Fe(OH)3(aq) +2H+ +e- Fe(OH)4 + H+ -> Fe(OH) 3(aq) + H2O 
FeOH+ + 3H20 -> Fe(OH)4-+3H+ +e- FeOH ++ 2H20 -> Fe(OH)3 + 2H+ 
Fe(OH)3 + H2O - Fe(OH)4-+H+ +e Fe(OH)3 + H2O -> Fe(OH)42 + H+ 
Fe(OH)42 - Fe(OH)4-+e- 
Solid 
3Fe + 4H20 -> Fe304 + 8H+ +8e - 
2Fe3O4 + H2O -> 3Fe2O3 + 2H+ + 2e- 
Solid / Dissolved 
2Fe2+ + 3H20 -> Fe203 + 6H+ +2e- 2Fe(OH)4 + 2H+ --* Fe203 + 5H20 
3Fe2+ +4H20 - Fe304 +8H+ +2e- 2Fe(NO3)2+ + 3H20 -->Fe2 03 +2NO3 +6H+ 
3FeOH ++ H2 0 -* Fe304 + 5H+ + 2e- 
Fe+H2O->FeOH++H++2e- 
Fe -> Fe 
2+ + 2e 
Fe304 + 8H20 --> 3Fe(OH)4 + 4H+ + e- 
3Fe(OH)42 + 4H+ -> Fe304 + 8H20 + 2e- 
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3Fe(OH)3- + H+ - Fe3O4 +5H20+ 2e- 
Fe + 3H20 - Fe(OH)3- + 3H' + 2e- 
Fe + 4H20 -> Fe(OH)42- +4H+ +2e- 
Table 4-13 Reactions represented in the iron-nitrate-water Pourbaix diagram 
The resulting Pourbaix diagram (Figure 4- 7) shows that although Fe(NO3)2+ has 
replaced the Fe 3+ ion, the only effect this has is to slightly increase the area of 
solubility at positive potentials and low pH. A solution containing iron at an activity 
of 0.01 precipitates at pH 0.38 when nitrate (aN03=1) is in solution, but precipitates at 
pH 0.04 with only water. 
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Figure 4-7 Pourbaix diagram for iron-nitrate-water (298K, aNo3=1) 
7_ 
The stripping solution contains 0.25M iron [4.16], if it is assumed that the 
concentration and activity are equivalent, the iron will start to be deposited at a 
potential of -0.43V. However, the ability of the iron to remain in solution 
is also 
dependent on the potential of the system which is fixed by the species present in the 
waste. 
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4.2 MINEQL+ 
In addition to the Pourbaix analysis, a thermodynamic software package, MINEQL+, 
was used to: 
" check the precipitation pH of copper, tin and iron found using the 
Pourbaix diagrams, 
" carry out a sensitivity analysis on the effect of nitrate concentration on 
the precipitation pH, 
" and to simulate the thermodynamic changes in the process solution 
during the removal of nitric acid with diffusion dialysis. 
MINEQL+ [4.2] is a software package designed to model chemical equilibrium 
conditions. The user inputs components (e. g. Cue+, N03), their concentrations, pH 
and temperature. The software solves a set of non-linear equations ( Eqs. 4.2,4.3) 
based on the mass balance for an individual component [4.17]; these components are 
used to form species (e. g. CuNO3+) by chemical reaction. 
n 
Ci = Ki Xj for i=1, m (4.2) 
j=1 
m (4.3) 
Y1 lxj, 
jCi - 
Ti for j=1, n 
l=1 
where Ci is the concentration of species i, Ki the equilibrium constant for species i, XX 
the concentration of component j, xi, 1 the stoichiometric coefficient of component j in 
species i, Tj the total concentration of component j, m the number of species and n 
the number of components. The equations are solved for XX to make Yj equal to zero 
(the values of xi, 1 and KZ are found from an internal database). 
The internal data used by MINEQL+ in the thermodynamic calculations are based on 
the 1999 revision of the US EPA MINTEQA2. The equilibrium constants are 
specified at zero ionic strength. MINEQL+ has the ability to correct the values of 
these equilibrium constants for higher ionic strengths through the Davis equation 
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(Eq. 4.4) [4.18], where y is the activity coefficient of the species. This coefficient 
relates the activity and the concentration by a=y"c. 
-log(y) = 0.51.2.2 _0.30I lýC 1+ý, -, 
where Ic =0.5yz, 2c; 
(4.4) 
These ionic corrections are only strictly valid for II<0.5M. As the nitrate 
concentration in the waste is 1M, the ionic strength of the tin stripping waste will be 
higher than this value. Therefore, the results from these analyses do not strictly 
model the stripping solution. However, the model is sufficient to check the Pourbaix 
plots and evaluate the feasibility of stages in the recovery process. 
4.2.1 Copper 
To calculate the speciation, it has been assumed that the dissolved copper is in the +2 
oxidation state. This is supported by the Pourbaix diagram for copper-nitrate-water 
(Figure 4-1), which shows that at a pH of 0 (approximately equivalent to 1M HNO3), 
copper is either in the form CuNO3+ or Cu°(metal) depending on the potential. 
The first run was carried out as a fixed pH titration, where a series of calculations are 
carried out at set pH values. The precipitation pH of the solution can be seen as the 
point where the solid species appear on the speciation. This method also shows the 
distribution of the copper between the dissolved species, unlike Pourbaix plots which 
only show the predominant ion. The inputs to MINEQL+ are shown in Table 4-14. 
Species considered Cue+, Cu+, N03-, H+, H2O 
Cu2+ concentration 0.3M 
N03- concentration 1M 
ionic strength corrections on 
pH varied 0--), 141 29 steps 
Table 4-14 MINEQL+ inputs for copper pH titration 
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It can be seen from Figure 4-8 that copper stays in solution until a pH of -4, above 
which it rapidly precipitates as Cu2(OH)3NO3. This precipitation pH agrees with the 
value of 3.8 found from the Pourbaix analysis; although a different solid, which was 
not included in the diagrams, is seen to precipitate before CuO. 
120 
100 
80 
U 
B 60 
0 
40 
20 
0 
pH 
Figure 4-8 Copper speciation (0.3M Cu, 1M NOD 
The sensitivity of the precipitation pH to nitrate concentration in the range 0.5-1.5M 
was investigated: there are likely to be variations in the tin stripping process (a batch 
operation) that lead to a range of nitrate concentration in the waste, also in the 
proposed acid recovery stage nitrate ions are removed, as well as hydrogen ions. 
These runs were carried out using the same inputs as in Table 4-14, except that the 
nitrate concentration was varied (0.5-1.5M in 5 steps), as well as the pH. It was 
determined that the nitrate concentration does not affect the precipitation pH in the 
range studied, although the distribution of dissolved copper species changed 
significantly. Comparing Figure 4-9 and Figure 4-10, a solution with a N03- 
concentration of 0.5M will predominantly contain Cu 2+ ions (70%), whereas if the 
N03- concentration is increased to 1.5M, the CuNO3+ ions begin to predominate 
(52%) with the proportion of Cu 2+ ions reduced to 40%. 
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Figure 4-9 Effect of N03" concentration on percentage of Cu 2+ 
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Figure 4-10 Effect of N03- concentration on percentage of CuNO3+ 
A separate analysis was carried out to simulate the removal of HNO3 during the acid 
recovery stage (Section 1.5). For these runs, the species considered and the 
concentration of copper, were as detailed in Table 4-14. However, the nitrate 
concentration was varied 1--). 0.01 (99% recovery). It was not necessary to vary the 
concentration of hydrogen ions because MINEQL+ was set to calculate the pH based 
on electroneutrality. 
20 
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Figure 4-11 shows how the pH varies as nitric acid is removed - the pH gradually 
increases until the concentration of nitrate reaches 0.6M, when the pH sharply rises 
to around 4. At this point the solid Cu2(OH)3NO3 starts to precipitate (Figure 4-12). 
At N03- concentrations of less than 0.6M, the pH change is again gradual, with more 
copper precipitating as Cu2(OH)3NO3 and finally as CuO. 
x 
a 
Figure 4-11 pH change as HNO3 is removed from a 0.3M Cu solution 
V 
Cu 
0 
0 
Figure 4-12 Copper speciation as HNO3 is removed from a 0.3M Cu solution 
At the acid recovery stage, copper must stay in solution so that it can be separated 
from the tin by filtration. This analysis shows that the recovery of acid is limited by 
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the precipitation of copper which occurs when the N03- concentration falls below 
0.6M; this corresponds to a pH of 2.4. This copper precipitation pH is lower than 
that previously found from the Pourbaix plots (pH 3.8) because only the change in 
hydrogen ions was taken into account in this previous analysis. 
4.2.2 Tin 
To calculate the speciation for tin in nitric acid, it was assumed that all the tin exists 
in the +4 oxidation state; corresponding to the expected solid Sn02. The 
concentration of tin was taken to be 75g/1, a mid-range value from process control 
information [4.7]. A pH titration was carried out using the inputs to MINEQL+ 
shown in Table 4-15. 
Species considered Sn4+, Sn2+, N03-, H2O, H+ 
Sn4+ concentration 0.63M (=75g11) 
N03- concentration 1M 
ionic strength corrections on 
pH varied 0-* 14,29 steps 
Table 4-15 MINEQL+ inputs for tin pH titration 
The tin speciation (Figure 4-13) shows that tin will exist as a precipitate of Sn02, 
unless conditions are very alkaline when it will exist as the dissolved species 
Sn(OH)62-. This result was expected considering the Pourbaix diagram (Figure 4-3). 
It is not possible to reach these conditions by acid recovery, so theoretically tin will 
stay in suspension to be removed by the filtration stage. 
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Figure 4-13 Tin speciation (0.63M Sn, 1M N03 ) 
Analysis of the sensitivity of the speciation to nitrate concentration was also 
performed, but there were only slight differences seen at high pH. Therefore, any 
variations in the tin stripping process, that cause the nitrate concentration to change, 
will not affect the tin precipitation. 
4.2.3 Iron 
The speciation of iron was calculated with the assumption that all the iron in solution 
exists in the +3 oxidation state. In the waste stripping solution some of the iron will 
have been reduced to Fe(II) during the dissolution of the tin/copper intermetallic 
from the circuit board. Therefore these runs are only valid as a tool to check the 
precipitation pH calculated from the Pourbaix plots. 
The concentration of iron in solution was taken to be 0.25M, as specified in the 
MSDS sheet for the fresh stripping solution (Tinsolv 2000) [4.16]. The MINEQL+ 
inputs are shown in Table 4-16, and the resulting speciation in Figure 4-14. 
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Species considered Fei+, Fe 2+, N03-, H2O, H+ 
Fe 3+ concentration 0.25M 
N03- concentration 1M 
ionic strength corrections on 
pH varied 0--14,29 steps 
Table 4-16 MINEQL+ inputs for iron speciation 
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Figure 4-14 Iron speciation (0.25M Fe, 1M N03 ) 
The iron starts precipitating as the solid Fe203 at all pH values greater than zero. The 
MINEQL+ speciation corresponds well to the Pourbaix analysis which assumes 
FeNO32+ is the predominant dissolved ion and precipitates as Fe203 according to the 
equilibrium relationship shown below as Eq. 4.4. 
1og(aFeN032+ )= -0.8470 + log(aNO3_ 
)- 3 pH (4.4) 
Using this relationship, a solution of 0.25M iron in 1M N03- will precipitate at a pH 
of -0.082. 
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4.3 Discussion 
The theoretical analysis has been carried out in order to determine whether the 
recovery process suggested by Kerr [4.8] is feasible. The initial stage in the process, 
shown in Figure 4-15, is to recover acid from the waste by diffusion dialysis. The 
removal of HNO3 from the stripping solution was modelled using MINEQL+. It was 
determined that the acid recovery was limited by the precipitation of copper, which 
occurred at a pH of 2.4. This pH corresponded to a HNO3 concentration of 0.6M, 
therefore the maximum acid recovery that can be achieved is 40%. 
Spent acid tin stripping solution 
Return to 
working 
solution 
Reclaim 
Figure 4-15 Recovery method for copper / tin from stripping solution, proposed by Kerr [4.8] 
The next stage in the proposed recovery process is to aerate the waste stripping 
solution to ensure that all the tin exists as a precipitate. The tin-water Pourbaix 
diagram (Figure 4-3), which is also valid for tin in the presence of N03-, shows that 
tin is exists in solution for a small range of pH if the system potential is 
approximately 0V. The aeration will increase the system potential, thus ensuring the 
tin exists as the solid Sn02. The MINEQL+ simulations show that tin is in the form 
of Sn02 for pH in the range 0 -* 13, therefore it is possible that the aeration stage 
could be omitted. 
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After the acid recovery stage, it is proposed to separate the tin and copper by 
filtration. For this stage to be successful, one of the metals should be in solution, the 
other a solid. The tin is already a precipitate of Sn02 in the stripping waste; therefore 
all the copper should be in solution. Comparing the diagrams for tin and copper in 
nitrate solutions (Figure 4-1, Figure 4-3), it can be seen that tin exists as a solid (i. e. 
activity in solution <10-6 ) at pH>-0.4, and for the estimated Cu(II) concentration in 
the stripping waste of 0.3M, copper is in solution if pH<3.8. The separation of tin 
and copper at the filtration stage can therefore be effected if the pH is maintained 
between -0.4 and 3.8 by the acid recovery stage. As copper will precipitate during 
acid recovery if the pH is greater than 2.4, the filtration stage would operate in the 
pH range -0.4 to 2.4. 
Ferric ions are added to the tin stripping solution in order to increase the oxidising 
power. To minimise the separations required, iron would ideally all stay in solution 
and pass through the filtration stage with the copper, or all precipitate and be 
removed with the tin. If the iron is in solution with the copper, it will pass to an 
electrowinning stage, where the copper can be separated from the iron as their 
deposition potentials are sufficiently different to make co-deposition unlikely (0.3M 
Cu(II) at 0.31V, 0.25M Fe(II) at -0.43V). If the iron was to be precipitated with the 
tin, information on the behaviour of iron in chloride systems would be required and 
an extra separation step may be needed. Comparing the Pourbaix plots for copper, 
tin and iron in nitrate solutions it can be seen that to precipitate iron with the tin(IV) 
oxide. would require careful control of the pH to prevent co-precipitation of copper. 
However, the ability of the iron to stay in solution is strongly dependent on the 
system potential. This will be resolved by later experimentation. However, as it 
appears to be more practicable to have iron remain in solution, rather than to 
precipitate it, Pourbaix plots were not constructed for the iron-chloride-water system. 
The final stages in the proposed recovery process are the electrodeposition of copper 
from the nitrate containing waste solution, and the dissolution of Sn02 prior to the 
electrodeposition of tin from hydrochloric acid. From the copper-nitrate-water plot 
(Figure 4-1), it can be seen that copper starts to deposit at a potential of +0.31V, and 
can be removed to an activity of 10-6 if a potential of +0.15V is applied. Iron is 
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unlikely to be co-deposited as a 0.25M Fe(II) solution does not start to deposit until a 
potential of -0.43V is attained. 
In the case of Sn02, concentrated hydrochloric acid and/or elevated temperatures will 
be needed to dissolve it for electrodeposition; this may not be practicable for health 
and safety reasons. To obtain Sn02 as a product, it should not be contaminated with 
copper. Comparing the chloride Pourbaix diagrams for copper and tin (Figure 4-2, 
Figure 4-4) it can be seen that if any copper is carried over into the tin stages it 
should be relatively easy to separate the two metals as copper is soluble at pH 2 
whereas tin is not. 
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5 PRECIPITATION EXPERIMENTS 
The feasibility of the proposed process to recover copper and tin from waste tin 
stripping solution [5.1] has been determined by the thermodynamic analysis in 
Chapter 4. The equilibria represented on the Pourbaix diagrams show what is 
thermodynamically possible, however if the kinetics of the reactions are very slow, 
some of the transformations may never occur. Therefore the aim of these 
precipitation experiments was to verify the theoretical predictions for the pH at 
which the metal ions precipitate. 
The experiments were carried out using a titration technique, where the metal salt of 
interest was titrated against an alkaline solution. To represent the proposed recovery 
stages, and the constituent ions in the stripping solution, the systems Cu/N03-/H20, 
Fe/N03-/H20 and Sn/Cl-/H20 were tested. 
5.1 Copper 
The nitrate concentration in the waste stripping solution was estimated to be 1M (cf. 
Appendix A). As the Pourbaix diagrams are applicable for metals in contact with a 
large volume of bulk solution, the metal ion concentration should be lower than 1M 
so that reaction products do not appreciably alter the anion concentration. 
Precipitation experiments for copper/nitrate were therefore carried out using 0.1M 
and 0.01M Cu(II) to determine the effect on the precipitation pH when the 
concentration changes over one order of magnitude. As the nitrate concentration in 
the waste stripping solution depends on the amount of metal dissolved during the 
stripping process, experiments to find the precipitation pH were also carried out 
using 0.5M, 1M and 2M N03-, whilst keeping the Cu(II) concentration at 0.01M. 
The results from the copper/nitrate precipitation studies are summarised in Table 5-1. 
The pH at which the salt precipitates is shown as a range, because it is impossible to 
say when the solution precipitated during an incremental addition of KOH; only the 
pH before the addition, and the pH after the precipitation are known. The theoretical 
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precipitation pH, calculated using two different methods, is also shown in this table. 
Firstly, in order to verify the prediction from the Pourbaix diagram, the pH was 
calculated using the appropriate equilibrium reaction, with the metal and anion 
concentrations assumed equal to their activities. 
CuNO3+ +H2O CuO+NO3 +2H+ 
1og[CuNO3+ ]=7.076 + log[N03 ]-2 pH (5.1) 
A predicted value was also estimated using MINEQL+. 
Exp. 
No. 
[Cu] / 
M 
[N03-1 
/M 
precipitation pH 
range 
theoretical 
(Poubaix) 
theoretical 
(MINEQL+) 
A 0.1 1 1.3-4.7 4.0 4.3 
B 0.1 1 2.2-4.7 4.0 4.3 
C 0.1 1 3.5-4.1 4.0 4.3 
D 0.01 1 2.9-4.8 4.5 5.0 
E 0.01 1 5.0-5.3 4.5 5.0 
F 0.01 1 4.9-5.4 4.5 5.0 
G 0.01 0.5 5.4-5.6 4.4 5.0 
H 0.01 2 4.8-5.2 4.7 5.0 
I 0.01 0.5 <5.3 4.4 5.0 
J 0.01 0.5 4.8-5.1 4.4 5.0 
Table 5-1 Copper/nitrate precipitation pH results 
Comparing experiments A-C (0.1M Cu) with experiments D-F (0.01M Cu) it can be 
seen that the precipitation pH increases as the Cu(II) concentration decreases. This 
trend is consistent with the equilibrium expression for the CuNO3+ precipitation (Eq. 
5.1) plotted on the Pourbaix diagram. However, this expression also predicts that the 
nitrate concentration will affect the precipitation pH. The experimental results (D-J), 
also shown graphically in Figure 5-1, show no correlation between the nitrate 
concentration and the precipitation pH. 
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Figure 5-1 Graphical representation of copper/nitrate precipitation results (bars = experiments, 
stars = Pourbaix predictions) 
The values of the precipitation pH for 0.01M Cu(11) (D-J) do not match the 
theoretical predictions as well as those for 0.1M Cu(II), especially with regards to the 
change in nitrate concentration. There are several reasons that could account for 
these discrepancies. 
" Additional reactions occur concurrently with the precipitation of CuO 
from CuNO3+ 
" The concentration of metal and/or anion is not equal to the activity. 
" Experiment errors, such as non standard temperature, weighing errors, 
equilibrium not reached, and sample dilution due to the addition of 
KOH. 
0 The method of mixing the solutions has been found to affect the final 
properties of the system [5.2]. 
The estimation of the theoretical precipitation pH from the Pourbaix diagram was 
based on the precipitation of CuO from CuNO3+. However it is possible that other 
reactions could occur concurrently. This possibility was investigated by running 
MINEQL+ simulations. Although this program uses Gibbs free energy data like the 
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Pourbaix method, it calculates the species present by finding the minimum total 
value of AG. 
The MINEQL+ simulations show that Cu 2+ ions and Cu(N03)2 (aq) are also in solution 
with the CuNO3+ ions in the acidic region (Figure 5-2). The relative concentration of 
each species is dependent on the nitrate concentration (illustrated for CuNO3+ in 
Figure 5-3). MINEQL+ shows that as the N03- concentration is increased, the 
proportion of CuNO3+ ions (predominant in the Pourbaix diagrams) also increases, so 
that for 2M N03- -60% of the copper is in this form. However, when the N03- 
concentration is 0.5M, CuNO3+ only represents 30% of the copper in solution. For 
0.5M N03-, the predominant ion is actually Cue+, taking up 60% of the copper; the 
remaining 10% of the copper is in the form Cu(N03)2 (aq). These proportions are for 
a Cu(II) concentration of 0.01M, but the same trends are seen with concentrations of 
0.1M and 1M Cu(II). MINEQL+ also predicts that the N03- concentration does not 
influence the pH at which copper precipitates; a result that differs from the Pourbaix 
equilibria prediction. 
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Figure 5-2 Cu(II) speciation; [Cu]=0.1M, [N03 ]=1M 
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Figure 5-3 Variation in the proportion of CuNO3+ in a 0.01M Cu(II) solution with nitrate 
concentration (a) 2M (b) 1.5M (c) 1M (d) 0.5M N03" 
Apart from the differences in the dissolved ions, the solids that are predicted to 
precipitate differ between the two theoretical models. The reaction used for the 
Pourbaix plot is the precipitation of CuO from CuNO3+ ions; the MINEQL+ 
simulations show an extra solid phase, Cu2(OH)3NO3, precipitating before CuO in 
the region 4<pH<6.5 (Figure 5-2). During the experiment it was observed that the 
precipitated solid was blue, most likely the hydrated Cu(OH)2, rather than CuO. This 
agrees with the work of Patterson et al [5.3] who observed Cu(OH)2 forming shortly 
after the addition of alkali. They found that the conversion of the Cu(OH)2 to CuO 
by dehydration was complete after one month. 
The MINEQL+ simulations were corrected for ionic strength, as well as taking into 
account the additional dissolved ions and solids, and thus extra reactions. The 
precipitation pH from MINEQL+ runs compares well with the experimental results 
(Figure 5-4), showing a better match than the predictions using the equilibrium 
shown in Eq (5.1). This result indicates that the additional species and correction for 
ionic strength are probably the main reasons for the discrepancy between the 
Pourbaix equilibria and the empirical results. 
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Figure 5-4 Graphical representation of copper/nitrate precipitation results compared to 
MINEQL+ runs (bars = experimental, stars = MINEQL+ prediction) 
The other factors that may have caused discrepancies between the theoretical 
predictions and experimental results are the sample dilution, kinetics, errors in 
weighing and pH measurement. The addition of KOH to the metal salt sample 
increased the volume, thus leading to a decrease in the metal ion concentration. The 
equilibrium (Eq. 5.1) shows that this change will increase the precipitation pH of the 
solution. New values were calculated for each sample, but the changes were 
insignificant. Similarly, the effect of the possible errors in weighing the metal salts 
on the precipitation pH were compared to the accuracy of the pH probe and found to 
be insignificant. However, the slow kinetics of the precipitation reaction were found 
to be significant and the experimental method was therefore changed (Section 3.1.2). 
5.2 Iron 
Precipitation experiments were also carried out on the iron/nitrate system. The 
nitrate concentration in the waste was estimated as 1M (Appendix A). For 
comparison with the Pourbaix diagram, the iron concentration had to be less than 1M 
so the reaction products did not significantly alter the nitrate concentration. The iron 
concentrations used were therefore 0.1M and 0.01M; this was added as ferric ions. 
The sensitivity of the precipitation pH to the nitrate concentration was also tested by 
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using N03- concentrations of 0.5M, 1M and 2M whilst keeping the Fe(III) 
concentration at 0.01M. 
The results from the iron/nitrate precipitation experiments are shown in Table 5-2. 
The experimental precipitation pH is shown as a range. In this case, a rough 
approximation of the precipitation pH was initially found by the incremental addition 
of KOH. Four samples of the metal salt in solution were then prepared and KOH 
was added until the sample pH spanned that previously determined. For example, if 
the precipitation pH was found to be about 2, the samples would have values of 1.5, 
2.0,2.5, and 3.0. These samples were then left for a week to allow for the 
equilibration of slow reactions. At this point some of the samples had precipitated; 
the pH at which this happened was between that of the dissolved sample with the 
highest pH, and the precipitated sample with the lowest pH. The table also shows 
two theoretical predictions. Firstly, in order to verify the Pourbaix diagrams the 
precipitation pH was calculated using the appropriate reaction and its equilibrium 
expression: 
2FeNO32+ + 3H20 -4 Fe203 + 2NO3 + 6H+ 
1og[FeNO32+ ]= -0.8470 + log[NO3 ]-3 pH (5.2) 
For the Pourbaix estimation, the activities of the metal and anion were assumed to be 
equal to their concentrations. The theoretical prediction from MINEQL+ is also 
shown in the table. 
[Fe] / 
M 
[N03-] / 
M 
precipitation 
pH range 
theoretical 
(Pourbaix) 
theoretical 
(MINEQL+) 
A 0.01 1 2.6-2.8 0.38 0.95 
B 0.01 1 2.5-3.0 0.38 0.95 
C 0.01 0.5 2.6-3.2 0.28 0.90 
D 0.01 2 2.6-2.9 0.49 1.0 
E 0.1 1 <1.8 0.051 0.60 
F 0.1 1 1.7-1.8 0.051 0.60 
Table 5-2 Iron/nitrate precipitation pH results 
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The results show that the precipitation pH increases as the metal ion concentration 
decreases, as predicted by the equilibrium expression shown as Eq (5.2). However, 
the ferric ions precipitate at much higher pH than was predicted by either the 
Pourbaix or MINEQL+ estimations. The differences between the experimental 
results and predictions based on the Pourbaix diagrams are shown graphically in 
Figure 5-5. 
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Figure 5-5 Graphical representation of iron/nitrate precipitation results compared to Pourbaix 
predictions (bars = experimental, stars = theory) 
It is possible that these discrepancies are caused by extra solid or dissolved phases, or 
large differences between the concentration and activity, as they are thought to be for 
the copper. However, from experimental observation, the colour changes in the 
solution do not represent the changes predicted from the equilibrium reaction. This 
shows the precipitation of Fe203 (red/brown solid) directly from FeNO32+ 
(presumably colourlessl). However, during the addition of KOH, the solution turns 
from colourless to pale yellow and on to red/brown before precipitating the 
red/brown solid. Dousma and de Bruyn [5.4] have attributed this colouration to a 
multi-stage hydrolysis-precipitation process that involves the formation of polymers 
before the precipitation of a solid phase. The formation of large polymers is a slow 
I The solution is colourless when freshly mixed; other Fe(III) ions are colourless in 
solution 
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process, which could explain the difference between the experimental and predicted 
precipitation pH. 
The MINEQL+ predictions for iron precipitation do not match the iron/nitrate 
experimental results, although they are slightly closer than those predicted using the 
FeNO32+/Fe2O3 equilibrium. The simulations showed that Fei+, as well as FeNO32+, 
is in solution and precipitates as Fe203. Also, the ionic strength of these solutions is 
higher than the maximum value for which MINEQL+ can correct (I(. =0.5M). 
Differences between the predicted and experimental results could therefore arise 
because the ionic strength can affect the solubility products. A comparative graph 
showing the difference between the experiments and MINEQL+ predictions is shown 
in Figure 5-6. 
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Figure 5-6 Graphical representation of iron/nitrate results compared to MINEQL+ runs (bars = 
experimental, stars = MINEQL+ prediction) 
5.3 Tin 
The verification of the Pourbaix plot for tin/chloride was attempted using the method 
for the copper and iron precipitation experiments. In this case the concentration of 
the anion (CF) was 5M, as it was determined in Section 4.1.2 that a high 
concentration of chloride was required to dissolve tin. The metal concentration was 
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again kept low, so that the reaction products do not significantly alter the anion 
concentration. 
The initial precipitation experiment was carried out on a sample of 0.01M SnC14 + 
5M HCI. The theoretical precipitation pH of this sample, calculated using the 
appropriate reaction from the Pourbaix diagram was -0.024. 
SnC162 + 2H20 -* Sn02 + 6C- + 4H+ 
The experiment was repeated twice, but no sustained precipitation was seen across a 
pH range of -0.28 to 13.18. A possible reason for the solubility is that Sn02 may be 
formed when KOH first contacted the sample; but was then converted back to SnC14 
due to the high concentration of chloride ions. 
Sn02 + 4HC SnCl4 + 2H20 
The experimental method was therefore changed. Sn02 was dissolved in 
concentrated HCI, to give a maximum value of tin that can exist in solution, as the 
Cl- content in the concentrated solution increases the region of tin solubility. The 
solubility of Sn02 in conc. HC1 was determined to be less than 0.01M. A yellow 
solution was formed, with a white precipitate that settled at the base of the beaker. 
5.4 Discussion 
The experimental precipitation results for copper show that the theoretical pH 
predictions, especially when all the species in solution are taken into account, model 
the actual behaviour well. In practical terms, this result means that copper will stay 
in solution and pass through the filtration stage to be electrodeposited, as long as the 
solution is maintained in the pH range determined in Chapter 4. The N03- 
concentration does not appear to affect the solubility of Cu(II). Therefore, process 
variations that cause changes in the nitrate concentration are unlikely to disrupt the 
recovery scheme. 
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On examination of the Pourbaix diagram, the pH at which iron precipitates could be 
seen to be dependent on its concentration and the solution potential. These 
experimental results show that iron, in the form of ferric ions, precipitated at much 
higher pH than was predicted theoretically. In terms of the recovery process, this is 
an advantage because the iron is likely to stay in solution, passing through the 
filtration stage with the copper, rather then being distributed between the solid Sn02 
and dissolved Cu(II). However the ferric ions precipitate at a lower pH than copper, 
so the initial stage of acid recovery should be limited by the precipitation pH of 
Fe(III), rather than that of Cu(II). 
The results from the tin dissolution experiments imply that the proposed stage of the 
recovery process, where Sn02 is dissolved in HCl before electrodeposition, may not 
be practicable. Concentrated acid would be required to dissolve sufficient tin to 
ensure the deposition is efficient. Heating the acid will increase the tin solubility, but 
is not a realistic solution due to safety considerations. Tin(IV) oxide could be a 
product without further processing; it is used in the manufacture of lead crystal glass, 
as an opacifier in ceramic glaze and in gas sensors [5.5]. The possibility of this route 
would depend on the purity and particle size distribution of the recovered oxide and 
that required for a given application. 
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6 ELECTROCHEMICAL CHARACTERISATION 
The feasibility of the recovery process proposed by Kerr [6.1 ] has been determined 
by the thermodynamic analysis (Chapter 4) and precipitation experiments (Chapter 
5). The project now focussed on an individual stage in this process: copper 
electrodeposition. The aim of these experiments was to determine whether it is 
possible to deposit copper from an acidic nitrate solution with reasonable efficiency, 
and to find the effect of the stripping additives and iron/tin on the efficiency. The 
nitrate species in the stripping solution have been reported to reduce concurrently 
with copper deposition, decreasing the current efficiency [6.2]. 
In order to characterise the waste, two sets of experiments were performed: cyclic 
voltammograms and anodic stripping experiments. From these experiments, the 
deposition potential of the copper, the copper limiting current and the deposition 
efficiency were to be determined. The experiments were initially carried out with 
only copper and nitrate in solution. This indicated the feasibility of recovering 
copper ions from the additive free solution. Subsequent experiments with additives 
and other metals were carried out and compared with these results to evaluate their 
effect on the copper deposition. 
6.1 Cyclic Voltammograms 
Cyclic voltammograms were initially used to determine the deposition potential and 
limiting current of the copper in nitrate solutions, and the effect of metal and anion 
concentrations on these parameters. The experiments were carried out in solutions 
with and without the additives. These experiments were also used to estimate the 
current efficiency of deposition, and how this could be affected by nitrate and copper 
concentration. 
The copper/nitrate solutions were made using Cu(N03)2, acidified with HNO3. To 
simulate some of the additives, Fe(N03)3 and Sn02 were added to the solutions. The 
concentrations are detailed in Section 3.2.1. 
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6.1.1 Copper / Nitrate i-E data 
The cyclic voltammograms for Solution 1 (0.3M Cue+, 1M N03-) at three rotational 
speeds are shown in Figure 6-1. The potential was initially scanned in the cathodic 
direction from 0 to -600mV; the current shows almost linear response to potential. 
The scan was then reversed; the response follows that from the cathodic scan until 
the potential is at -100mV, when the current becomes more negative. The current 
then rises gradually into the anodic section, reaches a maximum and falls suddenly to 
zero. 
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Figure 6-1 Cyclic voltammogram for 0.3M Cu2+ + 1M N03' (Solution 1), scan rate 10mVs'1 (a) 
200rpm (b) 600rpm (c) 800rpm 
The traces for all rotational speeds overlie in the cathodic section. The i-E data are 
linear, rather than exponential in both the cathodic and anodic direction, indicating 
that the solution resistance is significant, or that multiple reactions are occurring on 
the electrode surface. No copper limiting currents are observed, possibly because 
they are masked by the reduction of N03- and H+, which is examined in more detail 
later. 
The copper dissolution currents in the anodic section of the scan show a peak 
because the current decreases sharply when all the copper on the gold electrode has 
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been removed. Although no clear copper limiting current was observed during the 
cathodic scan, more copper is deposited at higher rotation speeds, as shown by the 
larger area under the anodic stripping curve. This clearly indicates that mass transfer 
affects the copper deposition rate. As the deposition current was independent of 
rotational speed, it can be said the deposition efficiency is greater at higher rotational 
speeds. 
The voltammogram for Solution 4 (0.03M Cue+, 1M N03-) is shown in Figure 6-2; 
the shape of the response is similar to that from Solution 1 for all rotational speeds. 
For example, the value of the deposition current at -600mV is -48mA for Solution 1 
compared to -40mA for Solution 4. However, the maximum anodic stripping current 
is much lower, and the stripping is complete at lower anodic overpotentials. As a 
comparison it can be seen that at 800rpm the maximum anodic dissolution current is 
+45mA for Solution 1 versus +25mA for Solution 4. This decrease in anodic current 
indicates that the majority of the current during deposition is used for the reduction 
of other oxidised species, presumably N03-, rather than copper deposition. 
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Figure 6-2 Cyclic voltammogram for 0.03M Cu 
2+ + 1M N03- (Solution 4), scan rate 10mVs-1 (a) 
600rpm (b) 800rpm (c) 1000rpm 
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Further cyclic voltammetry confirmed the dominance of the nitrate reduction current 
during cathodic polarisation. For example, scans with 0.1M N03- and Cu(II) 
concentrations of 0.03M and 0.003M in Figure 6-3 and Figure 6-4 (corresponding to 
Solutions 5 and 8 from the matrix in Table 3.1) show similar currents. At -600mV, 
the cathodic currents are -14mA for Solution 5 compared to -15mA for Solution 8. 
Comparing the polarisation data for both solutions, we see that the raw i-E data arise 
mostly from N03- and H+ reduction and this reduction current masks the copper 
deposition current. 
On further examination of the anodic stripping section of the i-E data it is clear that 
the amount of copper deposited from Solution 5 is greater for than for Solution 8. 
More copper was deposited from the solution with the higher copper concentration 
indicating the copper deposition may be mass transfer controlled, although this 
cannot be observed from the cathodic polarisation data. 
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Figure 6-3 Cyclic voltammogram for 0.03M Cu 
2+ + 0.1M N03 (Solution 5), scan rate 1OmVs'1 
(a) 600rpm (b) 800rpm (c) 1000rpm 
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Figure 6-4 Cyclic voltammogram for 0.003M Cu2+ + O. 1M N03" (Solution 8), scan rate lOmVs-1 
(a) 600rpm (b) 800rpm (c) 1000rpm 
As shown above, the reduction of nitrate contributes to the total current of the 
system. Since this masks the limiting current for copper and alters the deposition 
potential of the copper, an attempt was made to subtract the N03- contribution from 
the total current. Therefore, cyclic voltammograms of solutions containing only 
nitrate electrolytes were obtained; these were then subtracted from the polarisation 
curves for copper/nitrate solutions to obtain the current for copper deposition. 
Initially cyclic voltammograms were taken for nitric acid concentrations of 1M, 
0.1M, and 0.01M. However, these solutions contain more hydrogen ions than the 
solutions for copper deposition, as part of the nitrate in the copper solution comes 
from Cu(N03)2. To find if the additional H+ ions affect the background electrolyte 
traces, a set of experiments using iM KNO3, instead of 1M HNO3, also carried 
out. 
The polarisation curves for 1M HNO3 and 1M KNO3 can be seen in Figure 6-5 and 
Figure 6-6 respectively. The scans were carried out across negative potentials only, 
because nitrogen in the form of nitrate has a valency of +5; this is the highest state 
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that nitrogen can take, so it cannot be oxidised further and no current will be seen in 
the anodic region. 
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Figure 6-5 Linear sweep in 1M HNO3, scan rate lOmVs-1,800rpm 
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Figure 6-6 Linear sweep in 1M KNO3, scan rate lOmVs-1,800rpm 
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From the comparison of the experiments on 1M HN03 and 1M KNO31 it can be said 
the current due to the N03- ion reduction is relatively small compared to the 
reduction current obtained when the N03- ions are combined with H+ ions. This 
agrees with the work of Pletcher and Poorabedi [6.3], who determined that nitric 
acid was the electroactive species in nitrate reduction. Therefore, to correctly 
determine the current due to the reduction of ionic species other than Cu(II), the 
scans were repeated with a mixture of HNO3 and KNO3 keeping the ratio H+/N03- 
the same as for the solutions detailed in Table 3.1. For example, Solution 1 contains 
0.3M Cu 2+ and 1M N03-; it was made using Cu(N03)2, with added HNO3 to increase 
the nitrate concentration to 1M. The actual solution composition was therefore 0.3M 
Cu(N03)2 and 0.4M HNO3. To make up the background electrolyte the solution 
must contain 1M N03- ions and 0.4M H+ ions. The molar quantities required are 
therefore 0.6M KNO3 + 0.4M HNO3. 
The scans for 1M N03- (0.4M HNO3 + 0.6M KNO3) and 0.1M N03- are shown in 
Figure 6-7 and Figure 6-8 respectively. It can be seen that the current due to the 
electrolyte increases sharply at potentials more negative than -0.6V for the lower 
nitrate concentration. If copper was to be deposited at potentials more negative than 
-0.6V, the current due to the electrolyte reduction would form a larger proportion of 
the overall deposition current. Since this was the lower potential limit for the cyclic 
voltammograms in copper solutions, the effect of 0.1M N03- on copper deposition is 
small. However, for the larger N03- concentration of 1M, the contribution of the 
nitrate on the total current during the deposition is significant. 
The reduction potential of the nitrate was found from these figures to be -128mV and 
+32mV for solutions containing 1M and 0.1M N03- respectively. As one of the aims 
of these experiments was to find the deposition potential of the copper, the current 
due to nitrate reduction at -200mV was found from the figures below (the cathodic 
current on all the copper voltammograms became significant below this potential). 
The currents from nitrate reduction at -200mV were found to be -0.143mA for 1M 
N03- and -0.117mA for 0.1M N03- solutions. 
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Figure 6-7 Linear sweep in 0.4M HNO3 + 0.6M KNO3, scan rate lOmVs-1,800rpm (inset, zoom 
in region 0 to -0.25V 
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Figure 6-8 Linear sweep in 0.04M HNO3 + 0.06M KNO3, scan rate lOmVs-1,800 rpm 
0.1 0.2 
An attempt to subtract the current due to the background electrolyte, and thus find 
the copper limiting current, was made. The results from Solutions 1 and 4 are shown 
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in Figure 6-9. The deposition current apparently reaches a maximum and then 
decreases towards the end of the scan, the reason for which is unclear. The 
maximum current is -24mA for Solution 1 and -19mA for Solution 4. Since these 
solutions have the same N03- concentration, but the Cu(II) concentration in Solution 
4 is 0.03M and in Solution 1 is 0.3M, there is some dependence on material transfer, 
as was observed during the anodic stripping. 
0.0 
-5.0 
-10.0 
-15.0 
-20.0 
-25.0 
-30.0 
Figure 6-9 Total current obtained by subtraction of background current 0.4M HNO3 + 0.6M 
KNO3, scan rate 10mVs"1,800rpm (a) 0.3M Cu, 1M NO3 (Sol 1) (b) 0.03M Cu, 1M NO3 (Sol 4) 
The extent to which material transfer governs copper deposition can be estimated by 
comparing the values of maximum current. If the Cu(II) was mass transfer limited, 
the maximum current should be proportional to the copper concentration. The 
maximum current for 0.03M (Solution 4), derived from the value for 0.3M (Solution 
1), should therefore be -2.4mA. As this is not the case, the copper deposition and 
nitrate reduction reactions are thought to have some dependence on each other. 
Figure 6-10 shows the typical result when the current due to nitrate reduction is 
subtracted from any of the other solutions (Solutions 5, 7,8, 9). The current 
increases steadily across the potential range and does not reach a maximum. As 
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there has been no appearance of limiting currents for these solutions, the deposition 
appears to be at least partially kinetically controlled up to -600mV. 
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Figure 6-10 Total current obtained by subtraction of background current 0.04M HNO3 + 0.06M 
KNO3 from 0.03M Cu, 0.1M NO3 (Sol 5), scan rate 10mVs"1,800rpm 
The electrochemical reversible potential for copper deposition cannot be determined 
from cyclic voltammetry because this is a mixed potential system (cf. Section 2.2), 
with copper, nitrate and hydrogen reduction occurring concurrently. The electrode 
potentials where a substantial cathodic current was noted are shown in Table 6-1 for 
each solution. These mixed potentials correspond to a current of -2mA. This current 
was significantly larger than the current due to nitrate reduction up to -200mV, 
which ensured copper was being reduced. The potential for Solution 9 (0.003M Cu, 
0.01M N03-) is more negative then -200mV. Thus, the current due to nitrate 
reduction at -317mV was determined to be -0.105mA, a small 
fraction of -2mA. 
[NO3 ] 
[Cu] 
1 0.1 0.01 
0.3 -63mV 
0.03 -80mV -132mV 
0.003 -163mV -176mV -317mV 
Table 6-1 Deposition potentials for copper from nitrate solutions vs SCE (experimental) 
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It can be seen from Table 6-1 that the deposition potential becomes more negative as 
the Cu(II) and N03- concentrations decrease. These trends can be compared to the 
Nernst equation (Eq. 6.1) for the relevant reaction (Figure 4-1). The equilibrium 
expression shows that the deposition potentials will become more negative as the 
copper concentration decreases, but become more positive with decreasing nitrate 
concentration. 
E=0.325 + 0.02955 " log 
[CuN03+ ] 
[N03-1 
(Eq. 6.1) 
The deposition potentials for each solution concentration, calculated as equilibrium 
potentials from Eq. (6.1), are shown in Table 6-2. These potentials are more positive 
than those found during the voltammetry. The differences between the theoretical 
and experimental potentials are probably due to the mixed potential system; the 
experimentally determined potentials have current contributions from nitrate and 
hydrogen reduction, as well as the copper reduction. Also, more than one copper 
species is expected to be in solution (Section 4.2.1), so the mixed potential will 
include the reduction of CuNO3+, Cu2+ and Cu(N03)2 (aq). The experimentally 
determined values will be used as a comparison for solutions containing iron/tin ions 
and the industrial additives. 
03 -1 
[Cu] 
1 0.1 0.01 
0.3 +68mV 
0.03 +38mV +68mV 
0.003 +8mV +38mV +68mV 
Table 6-2 Deposition potentials for copper vs SCE calculated from Eq. (6.1) 
Estimation of Deposition Efficiency from i-E Data 
The copper deposition efficiency, as a function of Cu(II) and N03- concentration, 
was calculated by dividing the charge used for stripping the copper from the 
electrode, by the charge used during the deposition in the cyclic voltammetry 
experiments. The assumption that the charge used to strip the copper is equal to that 
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used to deposit it is valid because no other oxidation reactions can occur in these 
solutions at the potentials where copper is stripped. The results from this analysis, 
carried out on all solutions can be seen in Table 6-3. 
[NO3] 
[Cu] 
1 0.1 0.01 
0.3 69.6 - - 
0.03 22.3 71.8 - 
0.003 1.7 12.2 32.0 
Table 6-3 Copper deposition efficiencies from cyclic voltammetry data (%) 
From these data it can be said that the efficiency of the copper deposition increases 
with increasing Cu(II) concentration and decreasing N03- concentration, which is in 
agreement with previous results for copper deposition [6.4,6.5]. Looking in more 
detail at the results for 1M nitrate, it can be seen that at the maximum copper 
concentration (0.3M), the current efficiency is -70%. However, the efficiency 
decreases to 22% after the concentration of copper has been reduced to a tenth of its 
original value. If the concentration of copper is further reduced, the efficiency falls 
to 2% at 0.003M copper (-200ppm). The results indicate that for 1M N03-, 
recovering copper to the discharge limit of 1.5ppm (10-5M) is unlikely to be 
economical. 
Correction of Cathodic Potential 
As some of the solutions used in this set of experiments are fairly dilute, it is possible 
that there is uncompensated resistance between the working and reference electrodes. 
This resistance would cause a potential drop between the two electrodes. 
In order to estimate the errors in the i-E data due to uncompensated ohmic drop 
through the solution, the conductivity of all the solutions was calculated using 
Kohlrausch's law of independent migration of ions. The ohmic drop (ICe11Rs) between 
the reference electrode and cathode at -600mV was then calculated (Section 3.2.4). 
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The results are shown in Table 6-4, where the final column shows the percentage of 
the applied potential that is used in passing current through the solution. 
Solution x (calc) /S m-1 RS / S2, IceiiRs / mV (IceiiRs / -600) * 100 
1 24.35 0.435 -20.88 3.48 
4 40.33 0.263 -10.52 1.75 
5 2.44 4.34 -60.76 10.1 
7 41.93 0.253 -9.62 1.60 
8 4.03 2.63 -39.45 6.58 
9 0.244 43.43 -217.15 36.2 
Table 6-4 Solution conductivity, ohmic drop and percentage of potential used across solution 
resistance 
The correction of the cathodic potential due to ohmic drop between the cathode and 
reference electrode is only necessary at high potentials and for solutions containing 
low ionic concentrations. The results from the above calculations show that 
resistance compensation is not required for Solutions 1,4 and 7. However, the cyclic 
voltammograms for Solutions 5,8 and 9 could have been significantly distorted at 
high cathodic overpotentials. The ICe11Rs component was therefore subtracted from 
each potential step in the cyclic voltammogram for Solution 9 (the worst case). This 
is shown as Figure 6-11. Although the cathodic potentials have reduced, the overall 
shape of the voltammogram has not significantly changed; the cathodic portion is 
still almost linear, and the stripping peak is clearly seen at anodic potentials. 
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Figure 6-11 Cyclic voltammogram for 0.003M Cu, 0.01M N03" (Solution 9), scan rate 1OmVs"1, 
800rpm (a) without and (b) with solution resistance compensation 
The calculated values of the solution conductivity were checked by measuring the 
conductivity of Solutions 1 and 9. These measured conductivities were 14.66 and 
0.229 Sm-1 for Solution 1 and 9 respectively. The measured value for Solution 1 is 
lower than the calculated value of 24.35 Sm-1; this was expected because the 
equation used for the calculations is only strictly valid for dilute solutions [6.6]. 
Solution 9 showed better agreement because the concentration of Cu(II) and N03- 
ions are low. Using the measured value for Solution 1, the percentage of the applied 
potential used across the solution was 5.8%, still low enough to be disregarded. 
The correction of the potential data does not affect the calculated efficiency values 
for copper deposition from these solutions. The only change is in the potential range 
over which the efficiency was calculated. Therefore, the decision on which solutions 
could be used for metal recovery was based on the values in Table 6-3. 
138 
-600 -400 -200 0 200 400 600 800 
E vs SCE / mV 
CHAPTER 6 
6.1.2 Copper / Nitrate with the Addition of Iron / Tin: i-E Data 
The cyclic voltammograms recorded for the copper/nitrate solutions were repeated 
with the addition of iron/tin, to determine the effect of these additional ions on the 
copper deposition efficiency. The amount of Fe(III) added to the solution was equal 
to the maximum concentration of Fe(III) detailed in the Tinsolv 2000 MSDS sheet 
[6.7]. This high concentration of Fe(III) was added in order to find the worst 
possible effect on the copper deposition efficiency. Tin oxide was added to produce 
a saturated solution. Details of the compositions are shown in Table 3.1. 
The cyclic voltammogram for Solution 10 (0.3M Cu, 1M N03-5 0.25M Fe(III), Sn02) 
is shown in Figure 6-12. The shape of the voltammogram is similar to that for 
copper/nitrate solutions. The cathodic section of the curve shows linear response 
with no discernible copper limiting current. The anodic current rises as copper is 
dissolved from the electrode, falling suddenly when the copper has been removed. 
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Figure 6-12 Cyclic voltammogram for 0.3M Cu 2+ , 1M N03 , 0.25M 
Fei+, Sn (Solution 10), scan 
rate 10mVs"1 (a) 600rpm (b) 800rpm (c) 1000rpm 
l 
Comparing the above voltammogram to the polarisation plot for the equivalent 
copper/nitrate solution without iron/tin (Solution 1, Figure 6-1), it can be seen that 
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when ferric ions are added to the solution the current becomes cathodic at more 
positive potentials. For example, at a rotation speed of 800 rpm, the current reaches 
-2mA at -63mV for Solution 1 and +303mV for Solution 10. The cathodic current at 
these positive potentials could be due to the reduction of Fe(III) to Fe(II). 
Fe3+ + e- Fe2+ 
The ferric ion reduction should occur at a standard potential of +0.529mV vs SCE 
[6.8]. Therefore, it is expected that the reduction of Fe(III) occurs before Cu(II) and 
will mask the reduction potential for Cu(II), thus influencing the overall polarisation 
data. The flattening of the curves at -400mV is probably due to the appearance of an 
Fe(III) limiting current. 
From Figure 6-12, the value of the current at -600mV for a rotation speed of 800rpm, 
is found to be -47mA. This current is very similar to that obtained from Solution 1 
(-48mA), indicating that the reduction current at these cathodic potentials is still 
predominantly controlled by the nitrate/hydrogen content of the solution, rather than 
the reduction of copper, iron or tin. However, unlike the i-E data for solutions 
containing only copper/nitrate, the cathodic current increases with rotation speed. 
After deposition from Solution 10 (Figure 6-12), the area under the anodic curve was 
found to be smaller than that from Solution 1 (Figure 6-1). This suppression of 
copper deposition is thought to be caused by the parasitic reduction of ferric ions; the 
concentration of tin is too low to produce a significant effect. This adverse effect of 
iron is in agreement with the work of Das and Gopala Krishna [6.9], who found that 
ferric ions reduced the efficiency of copper electrowinning in an open channel cell. 
The effect of Fe(III) on Cu(II) reduction was confirmed for the other iron/tin 
containing solutions by carrying out polarisations. Figure 6-13 shows typical i-E 
data for the other solutions, in this case Solution 13 (0.03M Cu, 1M N03-, 0.25M 
Fe(III), Sn02). The cathodic section is still fairly linear, although the limiting 
currents for Fe(III) reduction start to appear at -350mV. The cathodic current 
increases as the rotational speed increases However, during the anodic scan the 
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current only rises slightly above the current from the cathodic scan, showing that 
little copper had been deposited and then dissolved from the electrode. 
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Figure 6-13 Cyclic voltammogram for 0.03M Cu, 1M N03-9 0.25M Fei+, Sn (Solution 13), scan 
rate 10mVs"1 (a) 600rpm (b) 800rpm (c)1000rpm 
The deposition potential of copper from the iron/tin containing nitrate solutions has 
been shown to be masked by the Fe(III) reduction current. Therefore, an attempt was 
made to subtract the Fe(III) reduction current from the cyclic voltammograms to 
determine the Cu(II) reduction current. 
Initially iron at a concentration of lg/1 (0.018M) was added to Solution 1. Figure 
6-14 shows the polarisation curve for 0.018M Fe(III) in H2SO4. The iron reduction 
began at +500mV and attained a mass transport limited current of -2.5mA by 
-200mV. This curve was subtracted from that for 0.3M Cu + 1M N03- + 
0.018M Fe 
(Solution 1+ Fe). The results from this subtraction and a comparison with Solution 
1 are shown in Figure 6-15. 
141 
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 
EvsSCE/V 
CHAPTER 6 
1 
0 
-1 
E-2 
-3 
-4 
-5 + 
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 
EvsSCE/V 
Figure 6-14 Cyclic voltammogram for 0.018M Fe(N03)3 + 0.5M H2SO4, scan rate 10mVs-1, 
800rpm 
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Figure 6-15 Cyclic voltammogram showing Fe data subtraction (a) 0.3M Cu + 1M N03' (b) 
theoretical curve (0.3M Cu + 1M N03 + 0.018M Fe) - (0.018M Fe + 0.5M H2SO4) 
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Figure 6-15 shows that the shape of the i-E data for 0.3M Cu(II), 1M N03- (a) and 
the theoretical curve after ferric ion subtraction (b) are similar. However, both the 
reduction potential and the dissolution potential for the copper appear to be more 
negative on the theoretical curve. For Solution 1 (0.3M Cu, 1M N03-), the Cu(II) 
reduction potential was estimated as -63mV, but for the subtracted curve the 
reduction occurs at -136mV. This potential shift implies that Fe(III) ions cause 
Cu(II) and N03- to be reduced at more negative potentials. 
In order to examine the effect of Fe(III) concentration on copper deposition, 
voltammograms of Solution 1 (0.3M Cu, 1M N03-) with increasing quantities of 
Fe(III) were recorded. Figure 6-16 shows how the polarisation plots change with 
increasing concentration of Fe(N03)3. 
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Figure 6-16 Cyclic voltammograms for 0.3M Cu, 1M N03 +x g/l Fe(N03)3, scan rate 10mVs"1, 
800rpm. Fe(III) conc. (a) 0 (b) 1 (c) 4 (d) 7 (e) 14g/l 
As shown in Figure 6-16, the anodic currents associated with copper 
dissolution 
decrease as the Fe(III) concentration is increased, and disappear 
for Fe(III) 
concentrations of greater than 7g/1 (0.125M). Therefore, at 
higher Fe(III) 
concentrations copper is not deposited from the solution. 
The Fe(III) limiting current 
is seen to increase, and appears at more negative potentials as 
the Fe(III) 
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concentration increases. For solutions containing less than 7g/1 Fe(III), the i-E data 
for the Fe(III) containing solutions overlie the data for 0.3M Cu, 1M N03- after a 
certain potential. This potential becomes more negative as the Fe(III) concentration 
is increased, for example at 1g/1 Fe(III) (b) this potential is -100mV, and for 4g/1 
Fe(III) (c) it is -350mV. It is thought that copper is only deposited from the ferric 
containing copper/nitrate solutions at potentials more negative than this point, which 
could explain why no copper was deposited from the 14g/1 Fe(III) solution. This 
shift in the Cu(II) reduction potential by ferric ions was also seen when the Fe(III) 
current was subtracted (Figure 6-15). 
In addition to Fe(N03)3, polarisation experiments were also carried out with FeC13 in 
the copper/nitrate solution, because the chloride is also used as a source of ferric ions 
in tin stripping solutions [6.101. It can be seen from, Figure 6-17, that the anodic 
currents for copper dissolution are absent for Fe(III) concentrations greater than 4g/l. 
Again, a limiting current plateau is observed for all ferric ion concentrations, which 
corresponds to the mass transfer limiting reduction current of ferric to ferrous ions. 
This is substantiated by the fact that the current plateau for 14g/1 Fe (-35mA) is 
approximately double that for 7g/1 Fe (-18mA). 
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Figure 6-17 Cyclic voltammograms for 0.3M Cu, 
1M N03- +x g/l FeC13, scan rate 10mVs"1, 
800rpm. Fe(III) conc. (a) 0 (b) 1 (c) 4 (d) 7 (e) 14g11 
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The above results show that although both ferric nitrate and ferric chloride shift the 
copper reduction potential to more cathodic values, FeCl3 salts are more deleterious 
than those of Fe(N03)3. Therefore, if copper recovery direct from the waste is 
desired, it is preferable to purchase a tin stripping solution that does not contain 
chloride. 
The deposition efficiency of the copper from these iron/tin containing nitrate 
solutions could not be determined from the cyclic voltammograms, as it was for 
copper/nitrate solutions. These previous calculations assumed that no other 
reactions, apart from copper dissolution, occurred at positive potentials. This is not 
the case for these solutions containing Fe(III) in addition to Cu(II) and N03-. Ferric 
ions are reduced at potentials more negative than +500mV, and therefore mask the 
Cu(II) stripping current. 
6.1.3 Real Stripping Waste i-E Data 
Cyclic voltammograms were recorded for samples of real waste tin stripping 
solution. The stripping solution was Tinsolv 2000 (Atotech), the second solution in a 
two stage process (Section 1.3), obtained from an industrial partner. The polarisation 
plot (Figure 6-18) shows a clear limiting current between +200 and -200mV. The 
cathodic region again shows linear response, which is similar to the voltammograms 
for the copper/nitrate and copper/iron/tin solutions. The anodic currents associated 
with copper dissolution are also clearly seen, unlike the polarisations for the 
copper/iron/tin solutions. 
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Figure 6-18 Cyclic voltammogram for waste Tinsolv 2000, scan rate 10mVs"1 (a) 600rpm (b) 
800rpm (c) 1000rpm 
From Figure 6-18, the current at -600mV for a rotation speed of 800rpm, was found 
to be -51mA. This current is similar to the values for the equivalent copper/nitrate 
solution with 0.3M Cu, 1M N03- (Solution 1) and copper/iron/tin solution (Solution 
10), which were -48mA and -47mA respectively. This again confirms the 
dominance of nitrate and hydrogen reduction on the polarisation data at these high 
cathodic potentials. The voltammograms also show that an increase in rotation speed 
from 600 to 800rpm has no effect on the i-E data. 
The anodic currents associated with copper dissolution show that it is possible to 
deposit copper from the stripping waste. The maximum anodic current is 32mA 
above the baseline for a rotation speed of 800rpm (Figure 6-18). Comparing this 
current to the maximum anodic currents for Solution 1 (45mA) and Solution 10 
(12mA), it can be said that the copper deposition is suppressed by the ferric ions and 
other additives in the real solution. However, the suppression not as severe as that 
seen from the copper/iron/tin solutions, probably because the Fe(III) concentration 
in 
the stripping waste is less than in the simulated copper/iron/tin solutions. 
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The limiting current plateau observed between potentials of +200 and -200mV is due 
to Fe(III) reduction. The other reduction reactions i. e. copper deposition, nitrate and 
hydrogen reduction, do not appear to start until -200mV; this is more negative than 
was expected by comparison with the copper/nitrate deposition potentials (-63mV for 
Solution 1). This substantiates the previously found result that ferric ions shift the 
copper reduction potentials to more negative values. 
The limiting current for ferric ion reduction seen on Figure 6-18 can be used to 
estimate the Fe(III) concentration in the stripping waste. A calibration chart of 
Fe(III) concentration versus limiting current was therefore constructed. Figure 6-19 
shows the voltammograms for a range of Fe(III) concentrations; the data show the 
increase in limiting reduction current with Fe(III) concentration. 
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Figure 6-19 Limiting current of x g/l Fe(N03)3 in 0.5M H2SO4, scan rate lOmVs'1,800rpm (a) 1 
(b) 4 (c) 7 (d) 10 (e) 14g/1 
If the limiting current is plotted against the Fe(III) concentration, a linear correlation 
is obtained (Figure 6-20), as predicted by the Nernst diffusion layer model (Section 
2.2). The Fe(III) mass transfer limiting current, obtained from the cyclic 
voltammogram of the real waste solution (Figure 6-18), is -6.05mA measured at 
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-100mV. 
(0.047M). 
The concentration of ferric ions was therefore determined to be 2.62g/l 
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Figure 6-20 Calibration curve of limiting current against Fe(III) concentration 
Due to the adverse effect of ferric ions on the deposition of copper, calculations were 
carried out to examine the feasibility of reducing the ferric ions to ferrous ions. This 
would allow the deposition of copper to be carried out at higher efficiency, as ferrous 
ions are not thought to affect the efficiency of copper deposition [6.11]. 
In the real waste stripping solution, the mass transfer limiting current for the Fe(III) 
reduction occurs at a potentials more negative than +200mV, and has the value of 
-6.05mA (Figure 6-18). Using Faraday's law (Eq. 6.2), the time required to reduce 
2.62g/l Fe(III) (0.047M) in a volume of 50mis, was estimated to be 10.4hrs. The 
processing time could be decreased by increasing the area of the electrode. 
t_mnF m= 0.047x0.005mol, n=1, I=6.05mA 
I 
(6.2) 
This process route is not thought to be feasible because if this stage was used, a 
membrane and separate anolyte would be required for the reactor, as the Fe(II) ions 
could be oxidised back to Fe(III) ions at the anode. 
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6.2 Anodic Stripping Studies to Determine Current Efficiency 
In an industrial situation, a reactor would be expected to be operated under 
galvanostatic control. Therefore, it is necessary to determine the deposition 
efficiency of copper reduction at different applied cell currents. To find this 
relationship, copper was deposited at four different currents from each solution. The 
deposition efficiency determined from cyclic voltammetry was, however, very low 
for some of the solutions. Therefore, only solutions whose efficiencies, determined 
from the i-E data, were greater than 20% are investigated in these experiments. It is 
thought that recovery from solutions with efficiency lower than this will not be 
viable. 
6.2.1 Copper / Nitrate Stripping Results 
The deposition efficiency of copper from Solutions 1,4,5 and 9 was found for a 
range of deposition currents. These deposition currents spanned the full range of 
potentials used in the voltammetry. The chosen potentials and the corresponding 
currents taken from the copper/nitrate i-E data are shown in Table 6-5. 
P t ti l/ V 
Current / mA 
o en a m 
Solution 1 Solution 4 Solution 5 Solution 9 
-600 -48 -39 -14 -5 
-450 -35 -28 -11 -3 
-300 -22 -18 -7 -2 
-150 -10 -7 -3 -0 
Table 6-5 Deposition currents for copper/nitrate efficiency experiments 
After deposition, the copper was stripped from the electrode at OV vs SCE in 0.5M 
HCI, as it had been previously determined that copper was removed entirely into the 
Cu(I) oxidation state at this potential (c. f. Figure 3-6, p63). The current due to 
stripping copper, after deposition at -48mA from Solution 1, is shown in Figure 6-21. 
The two stripping curves correspond to two different times for copper deposition: 60 
seconds and 20 seconds. The current rose steeply when the potential is switched to 
OV vs SCE, and then remained constant until most of the copper had been removed. 
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The area under curve (a) is greater than that under curve (b), signifying that more 
copper was deposited during the longer deposition time. 
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Figure 6-21 Stripping currents into 0.5M HCl after deposition at -48mA (Solution 1), scan rate 
lOmVs-1,800rpm. Deposition time (a) 60s (b) 20s 
The current oscillations seen on curve (a) are the result of a thick film of CuC1 
forming on the electrode surface [6.121. Copper is dissolved by Cl- ions according to 
the following reactions: 
Cu + Cl- - Cu Cl +e Cu CI + Cl- -4 CuCl2- 
When the film of CuCI on the copper surface exceeds a critical thickness, the rate 
limiting reaction periodically changes between film formation and film dissolution. 
When the film dissolution is fastest, the CuCI film thins, allowing Cl- ions to reach 
the copper surface faster and therefore increasing the current temporarily. 
The deposition time was decreased to 20 seconds to avoid this phenomenon. As 
shown in Figure 6-21, no current oscillations were observed during the stripping of 
copper deposited for 20s. This deposition time of 20 seconds was calculated to give 
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a copper film 0.9µm thick, whereas a layer 2.7µm thick would be deposited in 60 
seconds. 
For the deposition at -48mA, five runs were carried out to determine the 
experimental reproducibility. The results from these can be seen in Table 6-6. 
Although the deposition time varies from 60 to 15 seconds, the experimental 
uncertainty at 95% confidence interval was calculated to be ±2.6%. The 
reproducibility of these experiments is therefore good. 
Experiment no. 
Deposition time / 
secs 
Current efficiency 
1 60 97.8 
2 60 97.7 
3 20 96.6 
4 15 94.3 
5 15 93.2 
Table 6-6 Current efficiencies for deposition at -48mA (Solution 1) 
Figure 6-22 shows the current on stripping copper into 0.5M HC1 after deposition at 
-35mA, from Solution 1 (0.3M Cu, 1M NO3-). These data again show the stripping 
current rising sharply after the potential was set to OV vs SCE, and the region of 
constant current as copper is removed from the electrode. As for deposition at 
-48mA, more copper was deposited for a longer 
deposition time. 
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Figure 6-22 Stripping currents into 0.5M HCl after deposition at -35mA (Solution 1), scan rate 
1OmVs"1,800rpm. Deposition time (a) 30s (b) 20s 
For copper deposition at -35mA from Solution 1, four experimental runs were 
completed. These multiple runs allow the experimental error at ±95% confidence 
interval to be calculated. The deposition time was also varied, because if insufficient 
copper is deposited, the current efficiency would relate to the nucleation of the 
copper on the gold electrode rather than bulk deposition. The current efficiency for 
each run is shown in Table 6-7. The error for these results is ±0.9%, once more 
demonstrating the reproducibility of these experiments. 
Experiment no. 
Deposition time 
/ secs 
Current efficiency 
1 30 92.9 
2 30 93.8 
3 20 93.2 
4 20 94.2 
Table 6-7 Current efficiencies for deposition at -35mA (Solution 1) 
Copper was also deposited at -22mA and -lOmA 
from Solution 1; several 
experimental runs were carried out for each current. 
The efficiencies for these 
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depositions, calculated from the charge recorded whilst stripping the copper into the 
HC1, were 93.8 ± 1.8 % for -22mA, and 91.9 ± 3.5 % for -IOmA. The efficiency of 
the deposition was high across the range of currents studied. 
The stripping experiments were repeated for Solutions 4,5 and 9. Copper was 
deposited at four currents from each solution, and then stripped into HCI. The 
deposition and stripping were repeated several times. The average efficiency (±95% 
confidence interval) for the copper deposition is shown in Table 6-8. 
Solution 1 Solution 4 Solution 5 Solution 9 
Idep / 
mA 
(1 Idep / 
mA 
c) Idep / 
mA 
cD Idep / 
mA 
-48 95.9 ± 2.6 -39 19.7 ± 2.5 -14 64.1 ± 7.4 -5 22.7 ± 0.7 
-35 93.5±0.9 -28 24.8±5.6 -11 85.3±5.9 -3 35.2±4.5 
-22 93.8 ± 1.8 -18 45.9 ± 2.6 -7 90.0 ± 7.5 -2 52.7 ± 4.4 
-10 91.9 ± 3.5 -7 77.4 6.5 -3 88.7 ± 1.8 - - 
Table 6-8 Current efficiencies for constant current deposition from copper/nitrate solutions 
These results show that when deposition is performed from Solutions 4,5 and 9 at 
lower currents, the efficiency is generally greater. This could be because the copper 
has reached its limiting deposition rate at the higher currents in these solutions. To 
confirm this theory, the amount of copper reduced during the depositions was 
calculated using Faraday's law. The calculated copper deposition rate from Solution 
4 during the stripping experiments is shown in Table 6-9. The rate at which metal is 
deposited is roughly the same for the three highest currents. Using the average of 
these three deposition rates (4.02 x 10-8 mol s-1), the limiting current was calculated 
to be 7.75mA. 
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Idep / mA QcU (stripping) / mC tdep /S deposition rate/ mol s-1 
-39 229 60 3.96 x 10-8 
-28 348 90 4.01 x 10-8 
-18 474 120 4.09 x 10-8 
-7 237 90 2.72 x 10-8 
Table 6-9 Copper deposition rates from Solution 4 calculated from the stripping experiments 
Similar calculations were carried out for Solutions 1,5 and 9; the deposition rates for 
each applied cell current are shown in Table 6-10. No limiting current could be 
found from the Solution 1 data, as the deposition rate was still increasing up to the 
maximum current of -48mA. However, Solutions 5 and 9 show similar behaviour to 
Solution 4, with the two largest currents giving roughly the same metal deposition 
rate. 
Solution 1 
Idep / mA Qcu (stripping) / mC tdep /S deposition rate/ mol s-1 
-48 1425 60 2.46 x 10-' 
-35 492 30 1.70 x 10-7 
-22 314 30 1.08 x 10-' 
-10 277 60 0.48 x 10-' 
Solution 5 
Idep / mA Qcu (stripping) / mC tdep /s deposition rate/ mol s-1 
-14 290 60 5.00 x 10-8 
-11 476 90 5.48 x 10-8 
-7 387 120 3.34 x 10-8 
-3 242 180 1.39 x 10-8 
Solution 9 
Idep / mA Qcu (stripping) / mC tdep /S deposition rate/ mol s-1 
-5 105 180 6.02 x 10-9 
-3 170 300 5.89 x 10-9 
-2 236 480 
3.10 x 10-9 
Table 6-10 Copper deposition rates from Solutions 1,5 and 9 calculated from the stripping 
experiments 
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The copper limiting currents for these copper/nitrate solutions, calculated from the 
stripping experiment data, are summarised in Table 6-11. These rate limiting 
currents show a dependence on the Cu(II) concentration, but are not proportional to 
the concentration. This dependence implies that the deposition is not fully limited by 
the mass transfer of copper to the electrode. The N03- concentration also affects this 
limiting deposition rate, as shown by the difference in the limiting currents for 
Solutions 4 and 5. 
-IL (Cu) / mA 
Solution 1 (0.3M Cu, 1M NO3) >47.5 
Solution 4 (0.03M Cu, 1M NO3) 7.75 
Solution 5 (0.03M Cu, 0.1M NO3) 10.11 
Solution 9 (0.003M Cu, 0.01M NO3) 1.2 
Table 6-11 Calculated limiting currents of copper deposition from nitrate solutions 
6.2.2 Copper / Nitrate with the Addition of Iron / Tin: Stripping Results 
For the iron/tin containing solutions, the anodic stripping experiments were carried 
out after copper deposition from Solutions 10,13,14 and 18 (Table 3.1). These 
solutions correspond to those studied during the copper/nitrate stripping experiments, 
but with the addition of iron/tin. For example Solution 10 is equivalent to Solution 1 
+ 0.25M Fe(N03)3 + Sn02(sat). This allowed a direct comparison of how the iron/tin 
affected the deposition efficiency. 
The copper deposition efficiency was found at four different currents for each 
solution. The deposition currents were chosen to span the potential range, 0 to 
-600mV, used during the voltammetry. The deposition currents are shown 
in Table 
6-12 against the corresponding potentials from the i-E data (Section 6.1.2). 
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Potential / mV Current / mA 
Solution 10 Solution 13 Solution 14 Solution 18 
-600 -47 -59 -35 -23 
-450 -35 -39 -25 -19 
-300 -25 -24 -19 -15 
-150 -18 -17 -14 -11 
Table 6-12 Deposition currents for copper/iron/tin efficiency experiments 
After deposition from these iron/tin containing solutions at constant current, the 
copper was stripped into 0.5M HCl by holding the RDE potential at OV vs SCE. As 
for the copper/nitrate experiments in Section 6.2.1, the deposition and stripping cycle 
was repeated several times. The stripping current, after deposition from Solution 10 
at -47mA, is shown in Figure 6-23. The two traces correspond to deposition for 5 
and 6 minutes. 
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Figure 6-23 Stripping currents into 0.5M HCl after deposition at -47mA (Solution 10), scan rate 
10mVs"1,800rpm. Deposition time (a) 5mins (b) 6mins 
The current efficiency calculated for deposition from Solution 10 at -47mA, is shown 
in Table 6-13 for each experiment. For this deposition current, six runs were carried 
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out because the deposited copper only formed a ring at the edge of the disc for the 
first three runs. These runs were repeated the next day and the disc was fully 
covered. However, the current efficiencies calculated from all experiments are 
similar, so the efficiency is thought to relate to bulk deposition, rather than 
nucleation. The average efficiency was calculated to be 23.8 ± 1.2 % (95% 
confidence interval). This copper deposition efficiency from Solution 10 (0.3M Cu, 
1M N03-9 0.25M Fe(III), Sn02(sat)) was considerably lower than the deposition 
efficiency from Solution 1 (0.3M Cu, 1M N03-), which had an efficiency of 95.9 ± 
2.6 % for deposition at -48mA. 
Experiment no. 
Deposition time / 
mins 
Current efficiency 
1 4 24.5 
2 4 23.2 
3 6 21.9 
4 4 24.7 
5 5 23.9 
6 6 24.8 
Table 6-13 Current efficiencies for deposition at -47mA (Solution 10) 
The anodic stripping current, after copper deposition from Solution 10 at -35mA, is 
shown in Figure 6-24, for two deposition times. Copper deposited slowly at -35mA, 
as seen by the small area under the curve (a) after deposition for 6 minutes. The 
experiment was repeated four times, and the average current efficiency was 
calculated to be 9.3 ± 3.6 %. The error on this efficiency is substantial; this method 
is therefore not reproducible for deposition at low current efficiency. To gain an 
improvement, the deposition should be carried out for longer times. The calculated 
efficiency is much lower than that for Solution 1, which was 93.5 ± 0.9% 
for 
deposition at -35mA. 
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Figure 6-24 Stripping currents into 0.5M HCl after deposition at -35rhA (Solution 10), scan rate 
10mVs-1,800rpm. Deposition time (a) 6mins (b) 8mins 
Deposition at -25mA and -18mA from Solution 10 was attempted, but no copper was 
deposited after 10 minutes. These experiments were stopped because the efficiency 
was so low that practical recovery would be unfeasible. The recorded efficiency of 
these depositions was therefore zero. 
A comparison of the deposition efficiency between solutions containing 0.3M Cu(II) 
+ 1M N03-, with and without Fe(III), is shown graphically in Figure 6-25. The 
efficiency of copper deposition is significantly reduced by the addition of Fe(III) to 
the solution. 
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Figure 6-25 Efficiency comparison between (A) Solution 1 (0.3M Cu, 1M N03) and ( ) Solution 
10 (0.3MCu, 1M N03", 0.25MFe, Sn) 
These anodic stripping experiments were repeated for Solutions 13,14 and 18. For 
each deposition current, several runs were carried out to find the experimental 
reproducibility. The average copper deposition efficiency (±95% confidence 
interval) from each solution is shown in Table 6-14. Copper was not deposited from 
any of the solutions at currents corresponding to -150 or -300mV, and for Solution 
18 no copper could be deposited at any of the chosen currents. - 
Solution 10 Solution 13 Solution 14 Solution 18 
Idep / 
mA 
4) Idep / 
mA 
4) Idep / 
nA 
cD Idee 
mA 
-47 23.8 ± 1.2 -59 12.8 ± 0.7 -35 4.9 ± 2.0 -23 0 
-35 9.3 ± 3.6 -39 17.4 ± 2.1 -25 0 -19 0 
-25 0 -24 0 -19 0 -15 0 
-18 0 -17 0 -14 0 -11 0 
Table 6-14 Current efficiencies for constant current deposition from copper/iron/tin solutions 
The rate of copper deposition from Solutions 10,13 and 14 was calculated for each 
deposition current, and is shown in Table 6-15. No limiting current could be 
estimated from the Solution 10 data, as the deposition rate was increasing up to the 
maximum current of -47mA. For Solution 13, - 3.8x 10-8mol s-1 may be the limiting 
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rate, but another data point at higher current would be required to confirm this. 
Similarly, more data would be required to find the limiting current for deposition 
from Solution 14. 
Solution 10 
Idep / mA Qc (stripping) / mC tdep / min deposition rate/ mol s-' 
-47 1394 4 6.02 x 10-8 
-35 903 8 1.95 x 10-8 
Solution 13 
Idep /mA Qcu (stripping) / mC tdep / min deposition rate/ mol s-I 
-59 1151 5 3.98 x 10-8 
-39 1054 5 3.64 x 10-8 
Solution 14 
Idep / mA Qc (stripping) / mC tdep / min deposition rate/ mol s-1 
-35 514 10 0.89 x 10-8 
Table 6-15 Copper deposition rates from Solutions 10,13 and 14 calculated from the stripping 
experiments 
6.2.3 Real Waste Stripping Results 
The deposition efficiency of copper from the real waste stripping solution (Tinsolv 
2000) was found for four deposition currents. These currents spanned the range of 
potentials used during the voltammetry (Section 6.1.3). The chosen potentials and 
the corresponding currents taken from the stripping waste i-E data are shown in 
Table 6-16. 
Potential / mV Current / mA 
-600 -48 
-450 -30 
-300 -11 
-150 -5 
Table 6-16 Deposition currents for real waste efficiency experiments 
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Copper deposition from real stripping waste resulted in powdery deposits on the 
rotating electrode. These deposits could not be stripped electrochemically into the 
HC1. Although the stripping current fell to near zero, loose copper powder was 
observed on the surface when the electrode was removed. Therefore, instead of 
stripping the copper at OV vs SCE, the deposited copper was left to dissolve into a 
known volume of 0.5M HNO3. The copper concentration was then measured using 
an ion selective electrode (Section 3.4.2). From this measured copper concentration, 
the amount of copper that had been deposited onto the electrode, and thus the 
theoretical charge required for the deposition could be calculated using Faraday's 
law. 
As an example, the total deposition time for copper deposition from real waste at 
-48mA was approximately 5 minutes. The measured Cu(II) concentration in 100mis 
of 0.5M HNO3 was 1.72x 10-4M, therefore the amount of copper that had been 
deposited was 1.72x 10-5mol. Faraday's law (Eq 6.3) was used to calculate the 
theoretical charge to deposit this amount of copper (m = 1.72x 10-5mo1). The 
theoretical charge was 3.315C. 
Q= mnF where n=2 (6.3) 
The actual charge used in the copper deposition was calculated as the integral of the 
current-time data recorded during the deposition, and was 14.76C. The efficiency for 
copper deposition from the real waste at -48mA was therefore 22.5%. 
The calculated efficiency for deposition at each current is shown in Table 
6-17. The 
efficiency was highest for deposition at -11mA, and decreased as the 
deposition 
current increased. This trend of high efficiency at low current was also 
found for the 
copper/nitrate solutions, but not copper/iron/tin solutions. 
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Deposition Current / mA Efficiency /% 
-48 22.5 
-30 20.7 
-11 36.2 
-5 0 
Table 6-17 Current efficiencies for constant current deposition from real solutions 
These deposition efficiencies can be compared to those from Solutions 1 and 10, as 
they have the same Cu(II) and N03- concentration. Figure 6-26 shows that the 
efficiency of copper deposition from the real waste is lower than that from Solution 1 
(0.3M Cu, 1M N03-) across the full range of deposition currents. However, 
deposition from the real waste proceeds at greater efficiency than deposition from 
Solution 10 (0.3M Cu, IM N03-9 0.25M Fe(III), Sn02(sat)), except at high current. 
This greater efficiency was expected because Solution 10 has a higher Fe(III) 
concentration than the real waste, and Fe(III) has been shown to suppress copper 
deposition. 
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Figure 6-26 Comparison of deposition efficiencies between real waste (" ), Solution 1 (A) and 
Solution 10 (. ) 
To obtain an estimate of the copper limiting current from the stripping waste, the 
molar deposition rate was calculated for each of the deposition currents (Table 
6-18). 
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The deposition rate increased across the full current range; hence an estimate for the 
limiting current for copper deposition from this solution could not be made. 
Idep / mA Qcu (stripping) / mC tdep / min deposition rate/ mol s-1 
-48 1658 5 5.73 x 10-8 
-30 1081 7 2.67 x 10-8 
-11 3010 25 2.08 x 10-8 
Table 6-18 Copper deposition rates from real waste calculated from the stripping experiments 
6.3 Discussion 
The deposition of copper from acidic nitrate solutions occurs in a mixed potential 
system (Section 2.2). Cu(II), N03- and H+ are reduced concurrently; copper 
catalyses the nitrate reduction and the nitrate/hydrogen reaction is coupled [6.3]. 
From the i-E data for all solutions, it was observed that the cathodic current showed 
linear response to the applied potential. This indicated that the solution resistance 
was significant, or that multiple reactions occur on the electrode surface. The 
cathodic potential applied to Solution 9 was corrected to compensate for solution 
resistance, as this solution was the worst affected (Section 6.1.1). The shape of the 
polarisation did not change; the current was still linear in the cathodic region (Figure 
6-11). Therefore, the linear data was attributed to the combined current from several 
reactions occurring concurrently. Figure 6-27 shows how currents from several 
reactions could add together (ITOTAL) to give linear response. This diagram 
does not 
reflect the catalytic action of the Cu(II), N03- and H+ reactions, but suggests how a 
linear response was attained. 
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Figure 6-27 Diagram showing additive currents in the mixed potential Cu(II) / N03- / H+ system 
The reversible potential for this mixed electrochemical system would not be the same 
as that for the Cu(II)/Cu° couple. The values quoted in Table 6-1 are the potential at 
which there is significant current. It is unknown whether copper was deposited at 
these potentials. The figure above demonstrates how a significant current could be 
generated by nitrate reduction before copper is deposited. However, this mixed 
potential was only used to compare solutions with and without Fe(III). 
The mass transport limiting current for copper deposition could not be seen on the 
voltammograms because the cathodic current showed almost linear response to the 
applied potential. To determine the extent to which copper deposition from nitrate 
solutions is governed by mass transfer, the reduction current of N03- and H+ ions was 
subtracted from the copper/nitrate i-E data, and the copper deposition rate during the 
anodic stripping study was estimated. The results from both these analyses showed 
that the limiting rate of copper deposition increased with Cu(II) concentration. 
However, this rate was not proportional to the Cu(II) concentration, as is the case for 
a fully mass transport controlled reaction. The copper deposition rate also varied 
with N03- concentration. As the limiting copper deposition rate varies with 
both 
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Cu(II) and N03- concentration, the reactions are thought to be coupled. This is in 
agreement with Antropov et al [6.2] and Carpenter and Pletcher [6.13] who both 
found that copper ions catalyse nitrate reduction. Dima et al [6.14] found that copper 
is dissolved at more positive potentials in nitrate electrolytes, compared to sulphate 
electrolytes. 
The i-E data for all the simulated solutions and the real waste show that at faster 
rotational speeds, there was an increase in area under the anodic dissolution current 
and thus an increase in the amount of copper deposited. For the copper/nitrate 
solutions the deposition current was independent of the rotational speed, and so the 
deposition efficiency was higher for higher rotational speeds. This increase in 
deposited copper with rotational speed has the implication that flow in the reactor 
should be high to ensure the maximum copper deposition rate, and possibly to 
maintain a high recovery efficiency. 
Ferric ions were found to have a detrimental effect on copper deposition. The 
potential at which copper deposited from Fe(III) containing solutions appeared to be 
shifted towards more negative values (Figure 6-15). This shift in overpotential is 
thought to correspond to the point in the i-E data where the reduction of Fe(III) stops 
contributing to the total current. In Figure 6-28, curve (a) was recorded in a solution 
containing copper and nitrate only; curve (b) was recorded for the same solution, but 
with the addition of 4g/l Fe(III). The cathodic currents at positive potentials are 
due 
to the reduction of Fe(III). However, at potentials more negative than -0.35V, the 
data from both solutions overlie. It is thought that the Fe(III) reduction was 
suppressed in this range and copper was only deposited at these more negative 
potentials. 
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Figure 6-28 Polarisations for 0.3M Cu, 1M N03 +x g/1 Fe(N03)3, scan rate lOmVs'1,800rpm. 
Fe(III) conc. (a) 0 (b) 4g/l 
The potential at which the i-E data for copper/nitrate and copper/iron solutions starts 
to overlie became more negative as the concentration of Fe(III) was increased 
(Figure 6-16). As the amount of copper deposited decreased with increasing Fe(III) 
concentration during deposition between a fixed potential range, the fact that copper 
deposition is shifted to negative potentials was corroborated. The copper 
overpotential shift and Fe(III) suppression are thought to be due to the electrode 
surface. Initially the electrode was gold: Barnartt [6.15] found that the ferric/ferrous 
reaction is an order of magnitude faster on gold than on platinum. The reduction of 
the Fe(III) will proceed quickly, and appears to start near the standard reduction 
potential of +0.529V vs SCE [6.8]. At some potential, copper will start to deposit 
and cover the gold surface. It is thought that Fe(III) reduction may be suppressed on 
the copper surface, as Bisang [6.16] only observed a reduction current for ferric ions 
at a potential of -0.025V. 
The anodic stripping studies show that the deposition of copper from nitrate 
electrolytes can be achieved with reasonable current efficiency. For example, copper 
can be recovered with 95% efficiency from a 0.3M Cu, 1M N03- solution (Soln. 1). 
If the copper concentration was reduced by one tenth from this starting solution, the 
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efficiency would be reduced to a maximum of 77%, although the current density 
would have to be reduced. Although the deposition efficiency decreases as copper is 
recovered, the actual value is still high. The concentration of N03- in the solution 
also affects the copper deposition efficiency. For example Solutions 4 and 5 contain 
the same Cu(II) concentration, but their N03- concentrations differ by a factor of 10. 
The maximum deposition efficiency from both solutions is obtained at -7mA; 
however Solution 4 contains 1M N03- and has a maximum efficiency of 77.4%, 
whilst Solution 5 has a tenth of the N03- content and has a maximum efficiency of 
90%. Thus, a higher degree of acid recovery in the initial process stage will 
maximise the efficiency of the copper electrodeposition. 
Ferric ions reduce the efficiency of copper deposition; the severity of the reduction 
depends on the concentration of Fe(III). For example, copper was deposited with a 
maximum efficiency of 24% from a 0.3M Cu, 1M N03-9 0.25M Fe(III) solution (Soln 
10). The addition of 0.25M Fe(III) reduced the efficiency by 71%, compared to 
Solution 1. However, copper could be recovered from the real waste solution, which 
contained 0.047M Fe(III), at a maximum efficiency of 36%. This current efficiency 
for copper deposition shows that the recovery of copper from the real waste solution 
is feasible, and that the removal of stripping additives prior to the copper 
electrodeposition stage is not required. 
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7 METAL RECOVERY 
In this chapter the possibility of the copper recovery stage being performed using an 
electrochemical reactor, as would be utilised in an industrial situation, was examined. 
The ability to recover copper from the nitrate containing waste tin stripping solution 
was validated by the electrochemical characterisation study in Chapter 6. In this 
chapter, the efficiency of the copper recovery from waste stripping solution has been 
determined using a parallel plate reactor. 
Initially, linear voltammograms in copper sulphate solution were recorded in the 
reactor. From these i-E data the limiting current for copper deposition in the reactor 
was determined for a range of flowrates. The reactor was then utilised to deposit 
copper from simulated stripping waste. The applied cell current was set equal to the 
copper limiting current, as calculated from the copper sulphate polarisations. As the 
concentration of copper in the reactor decreased, the cell current was reduced to keep 
the recovery efficiency high. 
7.1 Mass Transfer Studies of Cu(II) 
Linear voltammograms were recorded for solutions of CuSO4 H2SO4 to obtain the 
Cu(11) limiting current in the reactor. Sulphuric acid was used as the reference 
electrolyte because copper can be deposited with approximately 100% current 
efficiency from these solutions [7.1], unlike the nitrate electrolytes of interest [7.2]. 
Also, the reduction of nitrates has previously been shown to mask the Cu(II) limiting 
current. The Cu(II) concentration in the stripping waste is 0.3M [7.3], and after 90% 
Cu(II) recovery the concentration would reduce to 0.03M. Voltammograms were 
therefore recorded for 0.3M Cu(II) and 0.03M Cu(II) in solution to test if Cu(II) 
deposition was mass transport controlled in the reactor. 
The voltammograms were recorded at several electrolyte flowrates in order to 
determine the effect of flowrate on the mass transport properties. The rotameters in- 
line with the reactor (Figure 3-9) could supply electrolyte in the range 
600-1200 1/hr 
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(1.67 - 3.33x10-4 m3s-1). The flow area within the reactor was 2.688x10-3 m2, with 
an equivalent diameter of 0.0517m calculated using Eq. (7.1). The Reynolds number 
was therefore determined from Eq. (7.2) to be 6410 at 12001/hr and 3205 at 6001/hr. 
The flow regime was turbulent throughout these experiments. 
d= 
4(cross sectional area) (7.1) 
e wetted perimeter 
Re = 
p"u"de (7.2) 
The voltammograms recorded for 0.3M Cu(II) + 1M H2SO4, at three different 
flowrates, are shown in Figure 7-1. The polarisation data initially appear linear, with 
no distinct copper limiting current plateau. It can be seen that at currents below 
-0.05Acm-2 the data for all flowrates overlie; the flow through the reactor appears to 
have no effect on the i-E data. At higher currents the traces diverge; for an applied 
cell current of -0.08Acm 
2, the cathodic potential is -0.94V for a flow of 12001/hr, 
and -1.12V for the lowest fl owrate of 6001/hr. 
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Figure 7-1 Polarisation data for 0.3M CuSO4 +1M H2SO4 at (a) 6001/hr (b) 8001/hr (c) 12001/hr 
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Polarisation data for 0.03M Cu(II) are shown in Figure 7-2. The shape of the 
voltammograms are similar to the curves for 0.3M Cu(II). The voltammograms were 
only recorded for the lowest and highest flowrates, since the difference between the 
i-E data was found to be small in the 0.3M Cu(II) case. However, for the 0.03M 
Cu(II) solution, the data at the low and high flowrates diverge at much lower 
potentials, overlying below -0.0017 Acm-2 only. 
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Figure 7-2 Polarisation data for 0.03M CuSO4 + 0.1M H2SO4 at (a) 6001/hr (b) 12001/hr 
As seen in Figure 7-1 and Figure 7-2, no clear limiting current plateau for copper 
deposition can be discerned from these polarisation data. This may be due to the 
relatively high ohmic drop and large electrode surface area in these experiments. 
However, there is a decrease in the gradient of the voltammograms with increasing 
current and potential for all cases, denoting mass transfer limitations. The limiting 
current for copper deposition was estimated as the current at the point of gradient 
change (Figure 7-3); this occurs at approximately -0.6V for 0.3M Cu(II) and -0.45 
for 0.03M Cu(II). This approach had been used earlier by Denpo et al [7.4]. 
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Figure 7-3 Estimation of limiting current from reactor i-E data 
The results from this limiting current estimation are shown in Table 7-1. These 
calculations (Table 7-1) show that the limiting current is independent of the 
volumetric flow rate and thus Reynolds number. This has previously been reported 
to occur during copper electrowinning in tank cells [7.5]. The results also show that 
the limiting deposition current for 0.3M Cu(II) was approximately 8.4 times larger 
than the limiting current for 0.03M Cu(II), as determined from the i-E data. Any 
deviation from the proportionality predicted by the Nernst diffusion model could be 
due to the large inaccuracy in the limiting current estimation. As the gradient of the 
i-E data changes gradually, the choice of points through which to draw the tangents 
is not clear. To estimate the errors on the limiting currents obtained from this 
method, tangents corresponding to the maximum and minimum gradients of the data 
in the high and low potential regions were drawn; the highest and lowest values of IL 
obtained then gave a range in which the true value of the limiting current for copper 
deposition is thought to lie. 
As the solution is well aerated, parasitic oxygen reduction will also occur at the 
cathode. Masse et al [7.6] ascertained the oxygen reduction current at a rotating 
cylinder electrode in the turbulent regime to be 0.25-1.1mA cm-2. As this oxygen 
reduction current is much smaller than the uncertainty in the copper limiting current 
estimation, it has been neglected. 
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/M C 
IL mA CM-2 
u] [ 
6001/hr 12001/hr 
0.3 61±6 58±2 
0.03 7.3 ± 0.7 7.6 ± 2.3 
IL(0.3M)/IL(0.03M) 8.4 7.6 
Table 7-1 Limiting currents for copper deposition from sulphate electrolytes using a parallel 
plate reactor 
The mass transfer coefficients for copper were then calculated from these limiting 
current values using Eq. (7.3), and are shown in Table 7-2. 
IL= AnFkmco 
C /M 
km / 10-5 m s-1 
[ u] 
6001/hr 12001/hr 
0.3 1.105 ± 0.105 1.002 ± 0.035 
0.03 1.261 ± 0.121 1.313 ± 0.397 
(7.3) 
Table 7-2 Mass transport coefficients for copper deposition from sulphate electrolytes using a 
parallel plate reactor 
Theoretically, the correlation between the mass transfer coefficient and Reynolds 
number is of the form: 
km « Rem 
(7.4) 
The experimental results above imply that m is near zero. For fully developed 
turbulent flow in a parallel plate reactor, Pickett [7.7] determined the value of the 
constant m to be 0.8, which is contrary to the current findings. The 
full correlation is 
shown in Eq. (7.5). 
Sh = 0.023 Re0.8 Sc'13 for L/de _> 
12 (7.5) 
where Sh = 
km de 
and Sc = 'u 
D pD 
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In order to examine why the experimental mass transfer coefficients do not follow 
Eq. (7.5), theoretical values for the mass transfer coefficient of copper in acid 
sulphate media were calculated using the above correlation. For a volumetric 
flowrate of 12001/hr, the values of k, from Eq. (7.5) for 0.3M Cu(II) and 0.03M 
Cu(11) were 0.318x 10-5ms-1 and 0.183x 10-5ms-1 respectively. These calculated 
values for the mass transfer coefficient are at least a third lower than the values 
estimated from the polarisation data. This indicates that the mechanism for ionic 
transfer in the reactor is not governed by bulk electrolyte convection. 
7.2 Ideal Copper Recovery Profile 
The maximum rate of copper deposition from the simulated waste solution will occur 
when the current through the reactor is equal to the copper limiting current. At 
higher currents the excess charge would be wasted on side reactions, such as nitrate 
and hydrogen reduction. The Cu(II) limiting current is proportional to the Cu(II) 
concentration (Eq 7.3). Therefore, as the concentration of copper decreases, the 
limiting current for deposition will also decrease. To minimise the charge used in 
side reactions, the reactor current should be periodically reduced in line with the 
copper concentration. 
In order to reduce the reactor current in line with the Cu(II) concentration, the 
variation of Cu(II) concentration with processing time in the simulated waste 
solution needs to be estimated. A theoretical plot of the normalised Cu(II) 
concentration was constructed using Eq. (7.6); the derivation of this equation is 
shown in Section 2.4. The equation assumes that the copper is recovered at the mass 
transfer limiting rate. 
c(t) = c(O) " exp - 
k"' At 
VT 
(7.6) 
For Eq. (7.6) to model the behaviour of the stripping solution, the mass transport 
coefficient should be based on a nitrate electrolyte. However, the mass transfer 
coefficients determined in Section 7.1 are based on a sulphate electrolyte. Diffusion 
coefficients were used to derive a relationship between the mass transfer coefficients 
174 
CHAPTER % 
for copper in sulphate and nitrate electrolytes, as described in Section 3.3.3. This 
relationship is given by Eq. (7.7), and the mass transfer coefficients for copper in 
nitrate solutions are shown in Table 7-3. 
km (Cu, N03)= 1.68 " k,,, (Cu, SO4 ) 
[Cu] /M km /m s-1 
0.3M 1.87x10-5 
0.03M 2.14x 10-5 
Table 7-3 Mass transfer coefficients of copper in nitrate electrolytes 
(7.7) 
The Cu(II) concentration of the waste tin stripping solution (0.3M) was used as the 
starting concentration c(O) to calculate the recovery plot. The volume of the tank VT 
was 0.01m 3, and the electrode area A 6x 10-3 m2. 
Figure 7-4 shows the theoretical depletion plot for the copper. The required 
processing time to recover 90% of the copper was calculated to be about 57 hours. 
To reach the discharge limit of 1.5mg/1 (2x 10-5M) [7.3] a reduction of 99.993% is 
needed; this would take approximately 239 hours. 
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Figure 7-4 Theoretical plot of normalised Cu(II) concentration against time for c(0)=0.3M 
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The theoretical times for copper recovery shown in Figure 7-4 are based on the 
assumption of 100% current efficiency. In practice this is not the case, and the 
experimental recovery time may be longer. However, the efficiency of the recovery 
is to be determined and cannot be assessed without experiments. To obtain a 
meaningful result, the copper concentration must decrease significantly during the 
experiment. A copper depletion of 50% was chosen; according to Figure 7-4, a 
minimum processing time of 16 hours would be required. 
The copper depletion curve (Figure 7-4) was used to predict the Cu(H) concentration 
of the waste stripping solution after each hour of processing. From these theoretical 
concentrations, the limiting current for copper deposition was calculated using Eq. 
(7.3). For the first hour in the reactor, the cell current was set to the limiting current 
for 0.3M Cu(II), the initial concentration. After this hour, the cell current was 
reduced to the estimated Cu(II) limiting current, calculated from the theoretical 
Cu(II) concentration (this is shown graphically in Section 3.3.3). This periodic 
reduction in cell current minimised parasitic reactions e. g. N03-, H+ reduction, and 
maximised the deposition efficiency. Table 7-4 shows the current profile used in the 
copper recovery experiments, with the predicted Cu(II) concentrations. This is 
illustrated graphically by Figure 7-5. 
time / hr [Cu] /M Current /A time / hr [Cu] /M Current /A 
0 0.300 6.5 8 0.217 4.7 
1 0.288 6.2 9 0.209 4.5 
2 0.277 6.0 10 0.201 4.3 
3 0.266 5.7 11 0.193 4.2 
4 
5 
6 
0.255 
0.245 
0.236 
5.5 
5.3 
5.1 
12 
13 
14 
0.185 
0.178 
0.171 
4.0 
3.8 
3.7 
7 0.226 4.9 15 0.164 3.5 
Table 7-4 Predicted copper concentration and corresponding limiting currents after 
15hrs of 
processing using the parallel plate reactor 
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Figure 7-5 Current profile used to recover copper from simulated waste using a parallel plate 
reactor 
7.3 Copper Recovery from Stripping Waste 
Ideally, waste solution from a tin stripping process would be used as the electrolyte 
for these recovery experiments, as it was for the electrochemical characterisation. 
However, sufficient waste was not available to fill the 10 litre tank associated with 
the reactor. Therefore, a simulated solution was prepared using concentrations from 
the Tinsolv 2000 MSDS sheet [7.8], and the ratio of Fe(III)/Fe(II) previously 
determined (Section 6.1.3). The solution composition is shown in Table 7-5, with 
the description of the concentration calculations in Appendix A. 
HNO3 1M 
Cu(N03)2 0.3M 
FeSO4 0.2M 
Fe(N03)3 0.05M 
NH4NO3 0.375M 
glycolic acid 0.131M 
Table 7-5 Composition of simulated stripping solution for reactor experiments 
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The reactor was run for 8 hours a day over two days, to complete the 16 hours of 
processing required for the idealised copper depletion of 50%. A 50ml sample was 
taken every hour and analysed for Cu(II) concentration using ICP (Section 3.4.2). 
The Cu(II) concentration in each sample was measured three times to allow the error 
at 95% confidence interval to be calculated. 
Figure 7-6 shows the decrease in Cu(II) concentration with time. The bold solid line 
is the previously calculated theoretical curve, the dashed line shows the trend of the 
experimental data, and the points represent the experimental data. The error bars on 
the experimental data correspond to the uncertainty in the concentration 
measurement (± 95% confidence interval), but do not include any indication of other 
experimental errors e. g. the preparation of samples for ICP analysis. An indication 
of the uncertainty in the copper recovery profile due to the limiting current 
estimation has also been included on this figure. 
0.32 
0.3 
0.28 
0.26 
0 0.24 
0 
a 
0.22 
U 
0.2 
0.18 
0.16 
0.14 
time / hr 
Figure 7-6 Comparison between experimental results and theoretical curve for copper recovery 
using a parallel plate reactor (bold solid line: theory, faint solid lines: uncertainty bounds, 
points: experimental data, dashed line: experimental data trend) 
As shown in Figure 7-6, the Cu(II) concentration in the simulated waste solution 
decreased more slowly than predicted for Cu(II) reduction at 100% current 
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efficiency. During the first four hours of processing the measured Cu(II) 
concentration in the system was found to be lower than theoretical prediction. These 
lower values of Cu(II) concentration could be due to: (i) inaccuracies in the value of 
kmA that were used to calculate the depletion curve via Eq. (7.6); (ii) the initial 
Cu(II) concentration being less than 0.3M; (iii) or errors in the ICP analysis. After 5 
hours, the measured Cu(II) concentration was greater than the theoretical prediction, 
indicating that the current efficiency for copper deposition was less than 100%. This 
result was expected, because the efficiency of the deposition, found from the 
stripping experiments in the previous chapter (Section 6.2.3), ranged between 20- 
36%. If the theoretical curve for Cu(II) depletion with 40% current efficiency is 
calculated, we can see from Figure 7-7 that the Cu(II) reduction in the reactor lies 
between 40% and 100% The final concentration of copper after 16 hours was 0.2M, 
a reduction of 33%. 
0.32 
0.3 
0.28 
2 
0.26 
0 0.24 
ö 
E 0.22 
U 
0.2 
0.18 
0.16 
0.14 
time / hr 
Figure 7-7 Comparison between experimental recovery (data points) of Cu(II) from simulated 
stripping solution and theoretical curves with efficiency (a) 100% (b) 40% 
Another notable point in the Cu(II) experiments is that the Cu(II) concentration 
did 
not decrease smoothly. At several points, the Cu(II) concentration appeared to 
increase (e. g. between 7 and 8 hours). This could be due to the redissolution of 
copper into the stripping solution. Loose, powdery copper 
deposits were observed 
on the cathode during the stripping experiments from real waste 
(Section 6.2.3). 
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This loose copper could be detached by the flow and redissolved into the stripping 
solution. The increase in copper concentration between 8 and 9 hours supports this 
theory; before this hour of processing, the electrolyte was left in the tank overnight, 
providing adequate time for copper dissolution. The copper dissolution could also be 
caused by adsorbed oxygen on the cathode surface [7.9]. 
The detachment and dissolution of copper from the cathode was confirmed by 
leaving the processed solution in clean plastic containers for three days after the 
electrolysis. It was postulated that this solution contained copper particles detached 
from the electrode. There was a significant increase in the Cu(II) concentration of 
the remaining solution, assumed to be from the dissolution of these copper powders. 
The overall current efficiency for copper deposition was calculated at the end of each 
hour. The variation of the efficiency with time is shown in Figure 7-8. Initially the 
copper recovery proceeds with an apparent current efficiency of 100% (in the first 
four hours the efficiency ranged between 255-110%, so was set equal to 100%). 
After 6 hours the efficiency falls to -70% and is approximately constant for the 
remainder of the experiment. This current efficiency of 70%, at which most of the 
deposition was carried out in the reactor, was more than double the values obtained 
during the stripping experiments (20-36%). 
100 
80 
0 
ý. 60 
a 
v 
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40 
20 
0 
02468 
10 12 14 lb IU 
time/ hr 
Figure 7-8 Variation of overall current efficiency of copper 
deposition with processing time 
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7.4 Discussion 
The polarisation data for acidified copper sulphate in the parallel plate reactor show 
no dependence on the flow, nor any clear limiting current plateau for copper 
deposition. Both these characteristics are thought to be due to flow patterns induced 
by entry into the reactor. The reactor used in this work had two inlets at right angles 
to the reactor flow (c. f. Figure 3-8); the diameter of these inlets was less than that of 
the reactor. Therefore, as the fluid entered, it was subjected to a sudden change of 
direction and expansion; this expansion can cause a recirculation bubble to form 
close to the walls that moves backwards against the main flow [7.10]. Downstream 
of this recirculating zone, the main flow becomes reattached to the walls and 
subsequently develops into turbulent or laminar flow. This flow pattern is thought to 
exist in the parallel plate reactor because bubbles released from the anode were 
moving against the bulk flow, indicating the presence of a recirculation zone. 
The lack of a limiting current plateau could be explained if the local limiting current 
for copper deposition varied along the electrode. This can be caused by the flow 
patterns described above [7.10]. The electrode could span three flow regimes: the 
slow recirculation bubble, developing flow and fully turbulent flow. The thickness 
of the Nernst diffusion layer depends on the velocity and flow regime of the fluid. 
Thus in the slow recirculation bubble, the diffusion layer is likely to be thicker than 
in the faster downstream section, giving rise to a lower limiting current for copper 
deposition. As the reaction kinetics are unchanged by flow velocity, the lower 
limiting current in the recirculation bubble would be attained at smaller 
overpotentials than the higher limiting current in the fast downstream region. 
Therefore, areas of the electrode could then obtain limiting current for copper 
deposition at different applied potentials. The voltammograms would not exhibit a 
current plateau until mass transfer was limiting at all areas, which may occur at the 
potentials for H+ reduction. In order to observe a limiting current, the flowrate 
through the reactor would need to be reduced to minimise the entrance effects. 
The lack of correlation between the polarisation data (and thus mass transfer 
coefficient) and the flow can also be explained by the fluid entry. 
The theoretical 
correlations between the Reynolds and Sherwood numbers only apply 
to fully 
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developed flow, usually achieved by including a calming section before the 
electrodes [7.11], this is not the case for the reactor in this study. It is usual for 
industrial reactors to operate with developing flow, because their inlet configuration 
subjects the fluid to a sudden expansion [7.12]. Operating with developing flow is 
beneficial, as it can increase the mass transfer coefficient considerably [7.13] and 
therefore the rate of metal recovery. This enhancement was observed in this study, 
as the experimentally determined mass transfer coefficients (Table 7-1) were at least 
three times higher than the values calculated using Eq. (7.5). Also, flow entrance 
effects have previously been found to produce regions of Reynolds number where 
the mass transfer coefficient appears constant [7.10,7.13]. The range of Reynolds 
number for which this holds true is dependent on the system geometry. If the flow 
regime in the parallel plate reactor was dominated by a recirculation bubble due to 
the inlet configuration, this could explain why the mass transfer coefficient is 
unchanged over the range of Reynolds number in this study. It is thought that if the 
flowrate was reduced sufficiently, changes in the i-E data, and thus the mass transfer 
coefficient would be seen. 
In order to calculate the ideal copper depletion profile, the value of k,, was based on 
the mass transfer limiting current for copper deposition, derived from the copper 
sulphate polarisation data. However, there were large inaccuracies associated with 
the limiting current estimation, and the electrochemical characterisation study in 
Chapter 6 found that although the rate of copper deposition from the nitrate solutions 
was constrained, this was not necessarily by the mass transfer of copper to the 
surface. The theoretical depletion profile was used to calculate the Cu(II) 
concentration and thus limiting current that was applied across the electrodes. The 
applied cell current may therefore be larger than required, enabling more charge to 
be available for side reactions, and lowering the possible efficiency. It is 
difficult to 
say whether this is the case, as a large source of inefficiency in this reactor 
is the 
redissolution of deposited copper. The current efficiency was therefore a measure of 
the relative deposition and dissolution of the copper, not just the 
deposition. 
The efficiency of copper deposition in the parallel plate reactor was, at 
70%, higher 
than the efficiency found from the stripping experiments. 
However, the reactor 
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efficiency is not directly comparable to efficiency obtained during the stripping 
experiments, as the efficiency from the stripping experiments included the nucleation 
of copper on the gold disc. Also, in Section 6.3, the change in reduction products 
with cathode surface was discussed; a copper cathode, as used in the reactor, 
appeared to promote Cu(II) reduction over Fe(III) reduction. The efficiency of the 
copper recovery in the reactor is expected to decrease as the Cu(II) concentration is 
reduced further. As copper is recovered, the limiting current for copper reduction, 
and thus the cell current is reduced. The Fe(III) concentration, and therefore its 
limiting current, is assumed to be constant because the reduced Fe(II) ions could be 
oxidised at the reactor anode. The limiting current for Fe(III) reduction would 
therefore become a larger fraction of the applied cell current as the copper recovery 
progresses. 
In both the electrochemical characterisation study, and these reactor experiments, the 
copper deposited from the real (or simulated) waste tin stripping solutions was 
powdery. Roughened or powdery deposits are a common consequence of metal 
deposition at or near the mass transfer limiting current [7.14]. The copper deposit is 
thought to become detached from the cathode and redissolve into the waste, 
decreasing the efficiency of the recovery. To avoid this problem, the reactor design 
or operation could be modified. For example, copper could be deposited at a lower 
current, although this would increase the recovery time, or the deposited copper 
could be removed from the cathode frequently. 
7.5 Cost Effectiveness of Copper Recovery 
The economic viability of metal recovery from tin stripping solution is obviously 
dependent on each stage in the proposed recovery process. The operating and capital 
costs for the process as a whole should be considered, as well as other factors such as 
the cost of non-compliance with environmental legislation. These costs should 
be 
offset against the costs of disposal and the possible resale value of the recovered 
metals, in order to determine the process feasibility. For the copper recovery stage, 
the major factors that are thought to influence the feasibility are: 
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" Capital costs: reactor, pump, electrodes 
" Operating costs: electrolytic power, electrolyte pumping 
As yet, there is no fixed design for the electrochemical reactor that would be used for 
copper recovery from waste stripping solution. The size of the reactor, electrodes 
and pump will be dependent on the batch size. As the volume of tin stripping waste 
produced can range from 10m3 per annum for a small facility to 40m3 per annum for 
a large facility [7.15], the batch size would vary between plants. A series of reactor 
sizes may therefore be required. 
The estimate for the capital cost was based on the parallel plate reactor used during 
these experiments. It is assumed that as the batch takes 16 hours over two days, the 
reactor will process two batches per week, for 50 weeks per year (i. e. 100 batches / 
year). The cost of our reactor, including the pump, piping, rotameters and electrodes 
was £5000. If this is depreciated over 5 years, the capital cost per batch would be: 
C_ 
5000 
= £lo (5 x 100) 
The operating costs, as well as the capital costs, depend on the design of the reactor. 
To gain an estimate of the costs involved, the electrolytic power and pumping costs 
were determined per batch for the copper recovery achieved during these 
experiments with a parallel plate reactor. During this batch, lmol of copper was 
recovered. 
The electrolytic power cost for copper recovery will be influenced 
by the deposition 
efficiency, the electrolyte and the available price of electricity. 
Faraday's law (Eq. 
7.8) was used to calculate the theoretical amount of charge needed to recover 
the 
copper. This calculation was based on the recovery at 70% efficiency 
in the parallel 
plate reactor. The charge required to was 2.76x 105 
C per mol Cu. 
mnF 
(7'8) 
Q= m=1mo1, n=2, F=96485C/mol, (D =0.7 
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The energy required for this deposition was then found by multiplying the charge by 
the cell potential (Eq. 7.9). The cell potential, measured during the reactor recovery 
experiments, was 3.5V. The cell potential is dependent on the equilibrium potentials, 
overpotentials and electrolyte ohmic drop. The energy requirement to decrease the 
Cu(II) concentration by 0.3-0.2M in 0.01m3 of stripping solution was therefore 
965kJ. 
W=Q- Ecell (7.9) 
The median cost of electricity purchased by manufacturing industry in the UK in the 
third quarter of 2006 was 6.653pence per kWh [7.16]. Therefore the electrolytic 
power cost for the above recovery, using the parallel plate reactor, would be 1.78p 
(£0.018) per mol Cu. 
The power of the pump used in our experiments was 60W. The major factors likely 
to affect this pumping power requirement are the flow rate and inter-electrode gap. 
The pump was run for 16 hours, at a cost of 6.653p/kWh. The pumping costs were 
therefore 0.06kW x 16h x £0.0653/kWh = £0.063 per mol Cu. 
The total costs calculated for the parallel plate reactor, to reduce the Cu(II) 
concentration in 0.01m3 of solution from 0.3M to 0.2M, were: 
CR = 10 + 0.0 18 + 0.063 =£ 10.081 per mole 
This estimate is dominated by the reactor cost. The reactor used in these experiments 
was a one-off, therefore the manufacturing costs associated with it would be much 
higher than for an off-the-shelf item. The depreciation time of 5 years also has a 
large influence on the capital cost per batch. It is probable that the whole reactor 
system would not need to be replaced every 5 years, just components such as pumps 
and electrodes. 
The above cost estimate also contains no disposal element. 
The cost of disposal will 
be dependent on whether the waste solution can go directly 
for sewage treatment or 
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whether the waste must be sent for further processing. The copper discharge limit 
for our industrial partner was 1.5ppm (10-5M); the final copper concentration that 
was achieved during the reactor recovery experiments was 0.2M. Therefore, longer 
term reactor experiments combined with other separation stages e. g. ion exchange, 
would be required to determine the minimum Cu(II) concentration that could be 
achieved economically, and thus the disposal route and costs. The removal of Sn02 
would also have a significant affect on this disposal cost by reducing the volume of 
waste and metal loading. If, after the recovery process, the remaining solution could 
go directly down the drain, the costs for additional treatment would be saved. The 
disposal of mixed aqueous wastes costs the university approximately £1/litre, and the 
disposal of tin stripping solution costs about £0.50/litre in the USA [7.17]. 
Therefore, for comparison with the recovery costs, the disposal per mole of copper 
was estimated to be £2.50/mole, assuming a copper concentration of 0.3M in the 
untreated waste. 
The cost of copper recovery would be offset by the purchase price of copper, as well 
as the saving on disposal costs. The price of copper, which almost doubled in 2006, 
is £3.03/kg, or £0.19/mol. The total cost benefits of recovering the copper are 
therefore: 
CB = £2.50 + £0.19 = £2.69/mol 
By comparing the recovery costs of the copper (£10.08/mol) with the cost 
benefits 
(£2.69/mol) it can be seen that copper recovery is currently not economically 
feasible. The capital cost of the reactor, and its useful life, and the disposal costs 
have the largest influence on the economic feasibility. As these costs are estimates 
the feasibility of the process may change if the costs change e. g. 
higher disposal 
costs, copper price rising. If the cost benefits 
increase, and the recovery costs 
decrease by 20%, the new cost estimates would be CR = 8.06 and 
CB = 3.11; the 
process is still not economically feasible. 
However, the cost associated with not 
complying with the environmental legislation 
is high. 
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8 CONCLUSIONS AND FURTHER WORK 
8.1 Conclusions 
The electronic component market in the UK and Ireland grew by ¬lbn in 2004. This 
growth has lead to an increased build up of waste hardware in the environment, and 
liquid discharges for disposal. The liquid wastes contain dissolved metals, as well as 
substances which could potentially harm the environment. A process that could 
reclaim the metals for reuse would be desirable because of raw material and disposal 
costs, and the increasing amount of environmental legislation. The aim of this 
project was to develop a systematic method to determine the feasibility of metal 
recovery from such solutions. 
This work focussed on waste from the tin stripping stage of printed circuit board 
manufacture. This waste is a nitric acid based solution containing dissolved copper 
and iron, and a suspension of tin oxide. Currently the metals are precipitated and 
sent to landfill despite several studies into the recovery of copper and tin from tin 
stripping solution. None of the proposed processes are used industrially, and there 
were questions remaining about the thermodynamic feasibility of the recovery 
processes, and the effect of the constituent ions on copper electrodeposition. The 
method developed for this waste stream was used to form a systematic approach to 
metal recovery from aqueous wastes. 
Previous research into separation schemes for the tin and copper have established a 
recovery method; in general this involves filtration to remove tin oxide, followed by 
copper electrodeposition. The recovery scheme that was thought to be the most 
feasible contained an initial diffusion dialysis stage to recover nitric acid. The 
solution was then aerated and passed to a filtration stage to remove tin(IV) oxide, 
which could then be dissolved and electrowon, or sold as the oxide. 
The filtrate 
would pass through to another electrodeposition stage to recover copper. 
After 
deposition, the water could be cleaned using ion exchange 
before being returned to 
the manufacturing process. 
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To determine the feasibility of copper and tin recovery from the waste tin stripping 
solution, the thermodynamics of the system were studied to ascertain if the metals 
were in the solid or liquid phase, depending on the concentration of metal and 
anions, the pH and the system potential. This information was then compared to the 
proposed separation scheme. The feasibility and operating conditions for each stage 
are described below: 
" Acid recovery. The theoretical analysis showed that the HNO3 
recovery was limited by the precipitation of copper. A 0.3M Cu(II) 
solution precipitated at a pH of 2.4, corresponding to a HNO3 
concentration of 0.6M. 
" Aeration. This will increase the system pH, ensuring tin exists as the 
oxide. However, this stage could be omitted as MINEQL+ analysis 
showed tin was in the form Sn02 in the pH range 0 to 13. 
" Filtration. This stage would be used to separate the solid tin and 
dissolved copper. With a Cu(II) concentration of 0.3M, the pH should 
be maintained between -0.4 and 3.8 to ensure separation. As the acid 
recovery scheme is limited to pH less than 2.4, the filtration stage 
should operate in the range -0.4 to 2.4. 
" Ferric ions. These exist in solution as an additive; ideally they should 
all stay in solution with the copper or all precipitate to be removed 
with the tin. The distribution of Fe(III) between the streams could not 
be resolved by the theoretical analysis. 
" Copper electrodeposition. Copper could theoretically be removed to 
an activity of 10-6 if a potential of +0.15V is applied. If Fe(III) is in 
solution, the metals can be separated as their deposition potentials are 
sufficiently different. 
" Tin electrodeposition. To dissolve the Sn02 concentrated 
HCl and/or 
elevated temperatures would be required; this may not be practicable. 
Experiments to verify these theoretical conclusions were then undertaken. 
It was 
determined that the predictions for copper precipitation from nitrate solutions model 
the actual behaviour well. Ferric ions were 
found to precipitate at much higher pH 
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than predicted, meaning they are likely to stay in solution and pass through to the 
electrodeposition stage with the copper. Results from the Sn02 dissolution implied 
that the recovery of Sn02 as the product is the more feasible process route. Overall, 
the proposed recovery process was ascertained to be theoretically feasible. 
The project then focussed on an individual stage in the proposed recovery scheme: 
copper electrodeposition. Electrochemical characterisation experiments were carried 
out to determine the possibility of depositing copper from a nitrate electrolyte with 
reasonable efficiency. The effect of copper and nitrate concentration and the 
stripping additives on this deposition efficiency were also determined. The study 
showed that copper could be recovered at an efficiency of 95% from a 0.3M Cu(II), 
1M N03- solution. The deposition efficiency fell as the copper concentration 
decreased, reducing to a maximum efficiency of 77% from a 0.03M Cu(II), 1M N03- 
solution. As Cu(II) was further recovered the efficiency fell to around 2% from a 
0.003M Cu(II), 1M N03- solution, hence a reduction in Cu(II) to meet discharge 
limits is unlikely to be economical. A high concentration of nitrate ions was also 
found to reduce the deposition efficiency, thus a higher degree of acid removal in the 
first recovery stage will maximise the efficiency of the copper electrodeposition. 
Ferric ions, existing in solution as an additive, were found to severely suppress 
copper deposition. However, copper was recovered from real stripping wastes with 
an efficiency of 36%. Therefore, the recovery of copper from nitrate electrolytes 
is 
feasible, and the removal of stripping additives prior to copper electrodeposition 
is 
considered unnecessary. 
In industry, the recovery of copper would be carried out using an electrochemical 
reactor. A parallel plate reactor was successfully used to recover copper 
from a 
simulated solution containing the industrial additives. 
After 16 hours of processing, 
33% of the Cu(II) had been removed, at an efficiency of 
70%. The deposited copper 
was powdery and was thought to 
become detached from the cathode, lowering the 
current efficiency for the deposition. 
This could be resolved by removing the copper 
frequently. 
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In conclusion, the results of the thermodynamic analysis and subsequent experiments 
to verify the feasibility of the copper deposition show that the proposed recovery 
scheme is feasible. The systematic method that was used to establish the feasibility 
of copper and tin recovery from the stripping solution is completely general and 
could be applied to any aqueous metal baring solution. This method initially 
involves reviewing the literature to determine suitable technologies for separation, 
and their possible combinations. The thermodynamics of the waste are then 
investigated to ascertain the regions where the metals are in the solid or dissolved 
forms. This theoretical information can then be compared to the modus operandi of 
the identified separation stages to determine their feasibility and the possible 
operating ranges. The outline of a recovery process can therefore be established. 
Individual stages in this recovery process can then be studied in more detail to 
determine their efficiency, and resolve any practical issues. 
8.2 Further Work 
Although the theoretical feasibility of the proposed process to recover copper and tin 
from waste stripping solution has been determined, only the copper electrodeposition 
stage was examined in detail. Therefore, the diffusion dialysis stage for acid 
recovery, and the filtration stage to remove Sn02 could be investigated further. 
The value of the Sn02 recovered from this solution could also warrant further 
investigation. The particle size distribution and precipitate purity could be compared 
with possible uses for this oxide. The Sn02 may need further processing to meet the 
requirements, and the process to do this, and the costs 
involved may affect the 
viability of the overall recovery from the stripping solution. 
The removal of metals from aqueous waste streams, 
down to levels that would 
enable the water to be reused in the manufacturing process, was only 
mentioned in 
this work. The separation stages required and the 
integration of the water into the 
manufacturing process could be examined. 
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APPENDIX A: CALCULATION OF THE SIMULATED WASTE 
SOLUTION COMPOSITION 
The recovery of copper using a parallel plate reactor would ideally be performed 
using waste tin stripping solution as the electrolyte. However, insufficient process 
waste solution was available to fill the 0.01m3 tank associated with the reactor. A 
simulated solution was therefore prepared. The calculations below describe how the 
concentrations of Cu, Sn, Fe, and N03- in the waste solution were determined. 
Copper 
The concentration of copper in the waste stripping solution was known from the tin 
stripping process control information supplied by our industrial partner. The 
maximum concentration allowed in the waste before the solution is sent to disposal is 
0.3M Cu. The copper was added to the simulated solution as Cu(N03)2 because it 
would be dissolved during the stripping process according to the reaction Al. 
Cu + 8HN03 - Cu(N03)2 +2NO+4H20 
in 
Al 
Tin exists in the waste stripping solution as a suspension of Sn02. It can be 
reasonably assumed that the Sn02 is in equilibrium with the waste, thus forming a 
saturated solution of Sn(IV) ions. Thus, to make the simulated solution, 
Sn02 
powder was added to the solution and then left several 
days to allow for 
equilibration. 
Iron 
Iron initially exists in the fresh tin stripping solution as 
ferric ions. The MSDS for 
Tinsolv 2000 (the second stripping solution used in a two stage process) shows that 
the concentration in the fresh solution 
is 0.25M Fe(III). During the tin stripping 
process, these ferric ions are reduced as tin and copper 
are dissolved from the PCB. 
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APPENDIX A 
The concentration of ferric ions remaining in the waste stripping solution was 
estimated during the electrochemical characterisation of the real waste, as 0.047M 
(Section 6.1.3). Ferric ions were added to the simulated solution as Fe(N03)3 
because this salt is specified on the MSDS. 
If it is assumed that the ferric ions are reduced to ferrous ions, a concentration of 
0.25-0.047 = 0.203M Fe(II) will exist in the waste solution. Ferrous ions were added 
to the simulated solution as FeSO4 because the nitrate was not easily available and 
sulphates are not reduced in the potential range of these experiments. 
Nitrate 
According to the MSDS, the concentration of HNO3 in the fresh Tinsolv 2000 is 
<15%, which is equivalent to 2.58M. The HNO3 will be consumed during the 
dissolution of copper and tin from the circuit board. For this calculation it is 
assumed that the tin is all dissolved during the first stage in the stripping process. 
Copper is therefore dissolved by the reduction of ferric and nitrate ions. As the 
proportion of ferric ions that were reduced has previously been estimated, the 
proportion of the copper that was dissolved via Fe(III) reduction can be estimated 
from reaction A2. 
Cu +2 Fe 3+ - Cu 2+ + 2Fe 2+ A2 
0.203M ferric ions were reduced to ferrous ions; from reaction A2,0.203M Fe 
3+ 
would oxidise 0.102M Cu. As the waste contains 0.3M Cu(II), and the amount of 
copper dissolved via the reduction of Fe(III) is 0.102M Cu(II), the remaining 0.218M 
Cu must have been dissolved via the reduction of nitrate. According to reaction Al, 
for every mole of copper dissolved, 8 moles of HNO3 be consumed. Therefore, 
to dissolve 0.218M Cu, 1.74M of HNO3 would be reduced. The initial HNO3 
concentration in the Tinsolv 2000 was 2.58M, therefore after the stripping stage 
2.58-1.74 = 0.84M HN03 would remain; this has been approximated to 
1M. As the 
HNO3 used for tin stripping has been neglected, the estimated 
HNO3 concentration 
used in these experiments will be higher than in reality, which 
is a conservative 
estimate. 
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